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ABSTRACT 

Twelve alloys were selected and tested in sheet metal form to compare 
their suitability for use as transpiration cooled gas turbine blade 
materials. 
65-35, Chrome1 A, DH 242, GE 1541, Hoskins 875, RA 333, Hastelloy X, 
Udimet 500, and Haynes 25. 
oxidation at 1400, 1600, 1800, 2000, 2100, and 2200'F for 4 ,  16, 6 4 ,  
100, 200, 300, 400, 500, and 600 hours exposure time. Total oxidation 
and spalling were determined for each specimen along with variation in 
room temperature mechanical properties and microstructure. 
beam welding feasibility was also investigated. Three "best-compromise" 
alloys were selected for later testing as wires to determine suitability 
for manufacturing space-wound or woven porous transpiration cooling 
materials. 

The alloys were N 155, TD nickel, TD nickel-chromium, Bendel, 

Screening tests consisted of cyclic furnace 

Electron 
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INVESTIGATION OF OXIDATION RESISTANT MATERIALS 
FOR TRANSPIRATION COOLED GAS TURBINE BLADES 

P a r t  One 
SHEET SPECIMEN SCREENING TESTS 

by Fred W. Cole1, James B. Padden2, and Andrew R. Spencer3 

THE BENDIX CORPORATION 
F i l t e r  Divis ion 

1 SUMMARY 

Twelve a l l o y s  w e r e  s e l e c t e d  and t e s t e d  as shee t  metal specimens t o  compare 
t h e i r  s u i t a b i l i t y  f o r  use i n  t r a n s p i r a t i o n  cooled gas tu rb ine  b lade  materials. 
The ob jec t  of t h i s  i n v e s t i g a t i o n  w a s  t o  provide engineer ing d a t a  f o r  spec i fy ing  
m e t a l  a l l o y s  used i n  space-wound (Poroloy) and woven w i r e  (Rigimesh, Poroplate)  
porous s t r u c t u r e s .  Alloys chosen from 56 candidate  a l l o y s  w e r e :  

1. 
2. 
3. 
4. 
5. 
6. 
? *  
8. 
9. 

10. 
11. 
12.  

N 155. . . . . . . . . . . . . . .  21Cr-20Ni-20Co-3Mo-2.5W-Fe 
TD n icke l .  . . . . . . . . . . . .  2Th02-Ni 
TD nickel-chromium . . . . . . . .  2Th02-20Cr-Ni 
Bendel 65-35 . . . . . . . . . . .  3 spinel-35Cr-Ni 
Chrome1 A. . . . . . . . . . . . .  20Cr-Ni 
DH 242 . . . . . . . . . . . . . .  20Cr-1Cb-Ni 
GE 1541. . . . . . . . . . . . . .  15Cr-4Al-lY-Fe 
Hoskins 875. . . . . . . . . . . .  23Cr-6A1-Fe 
RA 333 . . . . . . . . . . . . . .  18Cr-3Mo-3W-3Co-Fe 
Hastel loy X. . . . . . . . . . . .  22Cr-18.5Fe-9Mo-1.5Co-Ni 
Udimet 500 . . . . . . . . . . . .  19Cr-19.560-4Mo-3Ti-3Al-Ni 
Haynes 25. . . . . . . . . . . . .  20Cr-15W-lONi-Co 

This s e l e c t i o n  w a s  based on cons idera t ions  of p a s t  and present  p r a c t i c e ,  

Cycl ic  ox ida t ion  tests w e r e  conducted on shee t  m e t a l  coupons 6 x 0.5 x 0.06 

e x i s t i n g  problems t o  be so lved ,  and survey correspondence. 

inch  i n  s i z e ,  i n d i v i d u a l l y  he ld  i n  covered z i rcon  ceramic "test tubes",  wi th  a 
separate specimen f o r  each alloy-temperature-time combination. 
po l i shed  and then  "s in te red"  i n  hydrogen f o r  two four-hour cycles  a t  2100'F before  
oxida t ion  t e s t i n g  t o  s imula te  f a b r i c a t i o n  p rac t i ce .  T e s t  temperatures of 1400, 
1600, 1800, and 2000'F w e r e  used f o r  a l l  twelve a l loys .  Five a l l o y s  w e r e  a l s o  
t e s t e d  at 2100 and 2200'F. Exposure t i m e s  a t  each temperature were 4,  16,  64, 
100, 200, 300, 400, 500, and 600 hours. A l l  specimens w e r e  cooled t o  room t e m -  
p e r a t u r e  a f t e r  each t i m e  cycle  t o  s imula te  t h e  c y c l i c ,  r a t h e r  than  s teady-s ta te ,  
h e a t  exposure expected i n  hot  gas tu rb ine  service. 

Each a l l o y  specimen w a s  measured t o  determine t o t a l  ox ida t ion  weight ga in ,  
s p a l l i n g  oxide l o s s ,  gross  th ickness  change, and oxide l a y e r  thickness .  A l l  

lChief P r o j e c t  Engineer, Fil ter Division 
'Project Engineer, F i l t e r  Divis ion 
3Staf f M e t a l l u r g i s t ,  Research Labora tor ies  Divis ion 

A l l  coupons w e r e  
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a 
specimens, i nc lud ing  "as-received" and "as-sintered" samples , w e r e  metallo- 
g raph ica l ly  examined t o  determine s i g n i f i c a n t  morphology changes caused by 
oxidat ion and hea t  exposure. Af t e r  c y c l i c  ox ida t ion  each specimen w a s  t e n s i l e  
t e s t e d  a t  room temperature t o  determine u l t i m a t e  and y i e l d  s t r e n g t h  and percent- 
age elongation. Electron beam welding tests w e r e  conducted on each a l l o y  t o  
determine f e a s i b i l i t y  f o r  f u t u r e  production f a b r i c a t i o n .  Welds w e r e  evaluated 
by metal lographic  examination and t e n s i l e  t e s t i n g .  

on t h e  b a s i s  of t h e s e  tests f o r  f u t u r e  i n v e s t i g a t i o n  as f i n e  w i r e  s u i t a b l e  f o r  
t r a n s p i r a t i o n  cool ing material f ab r i ca t ion .  
da t ion  and s p a l l i n g  resistance, d u c t i l i t y  r e t e n t i o n ,  and f a b r i c a t i o n  f e a s i b i l i t y .  
The chromium-aluminum-iron a l l o y  class, GE 1541 and Hoskins 875, w e r e  among t h e  
t h r e e  b e s t  a l l o y s  i n  ox ida t ion  and s p a l l i n g  r e s i s t a n c e  bu t  t h e  l a t te r  showed 
lower d u c t i l i t y  r e t e n t i o n .  Simple chromium-nickel so l id - so lu t ion  a l l o y s ,  TD 
nickel-chromium, DH 242, Chrome1 A ,  and Bendel 65-35, showed e x c e l l e n t  oxidat ion 
r e s i s t a n c e ,  i n  t h a t  o rde r ,  along with very good d u c t i l i t y  r e t en t ion .  More 
complex supe ra l loys ,  Hastel loy X,  and Udimet 500, showed good oxidat ion resist- 
ance and good d u c t i l i t y  r e t e n t i o n .  Other a l l o y s  w e r e  judged t o  b e  less s u i t a b l e  
according t o  t h e s e  cri teria.  

Three a l l o y s :  TD nickel-chromium, DH 242, and Hastel loy X,  w e r e  s e l e c t e d  

S e l e c t i o n  cri teria included oxi- 
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2 INTRODUCTION 

This experimental investigation was conducted to evaluate and select metal 
alloys which are particularly suitable for fabricating transpiration cooling 
materials used in turbine blades and similar engine components. Therefore, major 
emphasis was placed on measuring oxidation resistance and retention of mechanical 
properties for the selected alloys after cyclic furnace heating in air. This 
report describes test results and conclusions derived from testing sheet metal 
specimens. 
ducted on 0.005 inch diameter wire specimens drawn from the three best alloys 
selected on the basis of the sheet metal specimen test results. 

than present uncooled engines. 
are utilized in nearly all new engines under development. 
which is currently being most extensively used, transfers heat from the component 
wall by parallel or impingement flow of the coolant air. 
used in series with convection cooling, insulates the component from the hot gas 
stream by injecting coolant air through multiple holes or slots in the wall. 
These cooling methods increase engine efficiency by allowing higher temperature 
operation, but efficiency improvement is diminished by increased consumption of 
coolant air. Maximum gains require efficient cooling with minimum cooling air. 
Transpiration cooling techniques offer excellent potential for reducing the 
coolant flow required and further improving engine efficiency. 

Transpiration cooling may be considered as an extension of convection and 
film cooling concepts. Cooling air flows through a porous component wall. The 
porous wall structure provides extended surface area for convective heat exchange 
from the wall to the coolant. At the outer wall surface the coolant is injected 
into the hot gas stream boundary layer through many small, closely-spaced pores. 
The resultant coolant film insulates the porous wall from the hot gas stream. 
The porous wall structure characteristics of large surface area to volume ratio 
and small pore size, which provide for most efficient transpiration cooling, 
aggravate problems of structural degradation and porous flow-channel plugging 
caused .3y oxidation corrosion during operation. 
minor for solid or sheet metal components might seriously affect an otherwise 
equivalent porous structure. 

material specification. Therefore, major emphasis in this investigation was 
placed on determining comparative total oxidation and dxide spalling for the 
selected test alloys. 
cal properties after cyclic heating and electron beam welding feasibility as a 
fabrication method were also tested. All tests were designed and interpreted 
from the viewpoint of application to transpiration cooling materials engineering. 
However, much of the data reported for cyclic oxidation of superalloys should 
a l s o  be useful for other engineering applications. 

twelve candidate alloys, testing and evaluation of those alloys in the context 

A second and final report will describe a similar test program con- 

Advanced gas turbine engines operate at higher turbine inlet temperatures 
Air-cooled turbine blades and other components 

Convection cooling, 

Film cooling, often 

Oxidation which may be considered 

Oxidation resistance is a primary criterion for transpiration cooling 

Other alloy characteristics such as retention of mechani- 

The scope of this report is directed toward the initial selection of 
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X d  of their application to space-wound (Poroloy*) and woven wire (Rigimesh , 
Poroplate") transpiration cooling materials, and final selection of three "best- 
compromise" alloys for further testing as fine wires. Before testing, specimens 
were heat-treated at 2100'F to simulate the typical manufacturing sintering 
operation. Cyclic oxidation screening tests were conducted at 1400, 1600, 1800, 
2000'F and at 2100 and 2200'F for the five best alloys. 
are comparable to the actual metal temperatures held in present transpiration 
cooled turbine blade tests. 
for advanced gas turbine engines where cooling air may leave the compressor at 
1200'F. Time intervals of 4 ,  16, 6 4 ,  100, 200, 300, 400, 500 and 600 hours were 
chosen to allow reasonable data extrapolation of expected service life. 
specimens were cooled to,room temperature at each time interval to simulate the 
cyclic oxidation conditions expected in service. Each specimen was contained 
in a separate zircon ceramic thimble or "test tube" designed to catch oxide 
scales which spalled from the metal surface, and to allow air circulation for 
oxygen replenishment. 
failure of transpiration cooling materials. 

After exposure, the twelve sheet specimens were tested to determine their 
comparative characteristics. 

and spalling was measured with a micrometer. 
showing spalls or blisters were photographically recorded. 
and intergranular penetration were measured from metallographic sections which 
were later etched to show morphology variations. Changes in mechanical properties 
due to oxidation and over-aging were found by tensile testing to determine yield 
strength, ultimate strength, and percentage elongation. Separate electron beam 
welding feasibility tests were conducted on each alloy and were evaluated by ten- 
sile testing and metallographic examination of the weld-zone section. 

The lower temperatures 

The higher temperatures represent the range expected 

All 

Spalling can contribute to oxidation plugging and eventual 

. Total oxidation weight gain and oxide spalling were 
. measured by weighing. Thickness change of the specimen because of oxidation 

Oxide surface characteristics 
Oxide layer thickness 

* 
Poroloy and Poroplate are registered trade-names describing space-wound wire 
and laminated woven wire mesh transpiration cooling materials, respectively, 
manufactured by The Bendix Corporation, Filter Division. 
tered trade-name describing laminated woven wire mesh materials manufactured 
by the P a l l  Corporation, Aircraft Porous Media Division. 

Rigimesh is a regis- 
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3 ALLOY SELECTION AND PROCUREMENT 

Specification of the initial twelve sheet specimen screening test alloys 

Particular emphasis was placed on engineering feasibility from both 
Therefore, present state-of-art alloys, 

was based on examination of past experience and anticipation of future require- 
ments. 
technical and economic viewpoints. 
primarily from the superalloy and resistance-heating alloy families, were chosen: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10 * 
11. 
12 

N155.. . . . . . . . . . . .  
TD nickel. . . . . . . . . . .  
TD nickel-chromium . . . . . .  
Bendel 65-35 . . . . . . . . .  
Chromel A. . . . . . . . . . .  
DH242.. . . . . . . . . . .  
GE 1541. . . . . . . . . . . .  
Hoskins 875 . . . . . . . . .  
RA333.. . .  c . .  . . . . .  
Hastelloy X. . . . . . . . . .  
Udimet 500 . . . . . . . . . .  
Haynes 25. . . . . . . . . . .  

2 1Cr- 2 ONi - 2 OC 0- 3Mo- 2.5W-Fe 
2Th02 -Ni 
2Th0 2- 2 OC r-Ni 
3 Spinel-35Cr-Ni 
20Cr-Ni 
20Cr-1Cb-Ni 
15Cr-4Al-lY-Fe 
23C r -6A1-Fe 
18Cr-3Mo-3W-3Co-Fe 
22Cr-18.5Fe-9Mo-1.5Co-Ni 
19Cr-19.5Co-4Mo-3Ti-3Al-Ni 
20Cr-15W-1ONi-Co 

The alloy numbers one through twelve assigned in this list are referenced 
throughout the report for alloy identification. 

Alloy selection included consideration of literature data and elimination 
of impractical candidates. Expected oxidation resistance and high temperature 
strength were important factors. 
metals such as platinum were considered impractical because of respective problems 
of oxidation attack and cost or supply. 
systems o r  coatings was considered to be outside the scope of this work. Casting- 
type superalloys with superior properties were not included because of the dif- 
ficulty in producing fine wires from them. 
as chemical and physical properties, were weighted in this selection. A total 
of 56 candidate alloys were reviewed. 

N 155 was chosen because of its fair oxidation resistance and strength, 
and because its previous use in many types of transpiration cooling materials 
provides a base-line for comparison with other alloys. TD nickel and TD nickel- 
chromium promised excellent high temperature strength because of the thoria dis- 
persion, along with good oxidation resistance for the latter alloy. 
65-35 is a nickel-chromium alloy type with a A1203'MgO spinel dispersion to pro- 
vide ductility. Chromel A and DH 242 are similar representatives of the nickel- 
chromium solid-solution system with good oxidation resiStance and ductility at 
the expense of high temperature strength. 
iron-chromium-aluminum resistance-heating alloys with high oxidation resistance, 
but lower strength and low ductility for the latter alloy. RA 333, Hastelloy X, 
Udimet 500, and Haynes 25 represent the several families of highly developed 
superalloys based on iron, nickel and cobalt. 

Refractory metals such as tungsten and noble 

Similarly, development of new alloy 

Manufacturing considerations, as well 

Bendel 

GE 1541 and Hoskins 875 typify the 

The twelve selected alloys were purchased from the mills as sheet, strip, 
or ribbon approximately 0.060 inch thick. 
to applicable AMs or proprietary specifications and were certified by their vendor. 
After receipt of the materials and verification of their documentation, each alloy 
was analyzed by an independent laboratory to verify its composition. 

All alloys were specified according 

The results 

5 
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of this analysis are shown in Table 3-1 which compares the specified or certified 
composition for each alloy with the composition determined by sampling and 
spectrographic or wet chemical analysis. 
with the nominal specification limits. 

All alloys were accepted as complying 
Suppliers for each alloy are also listed. 
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4 EXPERIMENTAL PROCEDURE 

T e s t  procedures w e r e  designed t o  s imula te ,  w i th in  p r a c t i c a b l e  l i m i t s ,  those  
condi t ions  expected t o  arise i n  f u t u r e  u t i l i z a t i o n  of t h e  a l loys .  
mens were pol ished and hea t - t rea ted  t o  s imula te  t h e  su r face  f i n i s h  and micro- 
s t r u c t u r e  of f a b r i c a t e d  t r a n s p i r a t i o n  cool ing materials. 
w e r e  conducted wi th  c y c l i c  hea t ing  and cool ing  t o  roughly s imula te  s e r v i c e  con- 
d i t i o n s  i n  a hot  gas  turb ine .  
comparison of r e s u l t s .  

Sheet speci-  

Furnace oxida t ion  tests 

A l l  a l l o y s  w e r e  t e s t e d  toge ther  t o  a l low d i r e c t  

4.1 Specimen Prepara t ion  

Specimens w e r e  sheared t o  a nominal 0.5 x 6 inch s i z e ,  allowing e x t r a  
material f o r  later gr inding  t o  a uniform and common s i z e .  Surface contamination 
w a s  removed by s o n i c  c leaning  i n  ho t  t r i c h l o r e t h y l e n e  followed by acetone r in s ing .  
Af t e r  c leaning,  t h e  specimen coupons w e r e  hea t - t r ea t ed  t o  s imula te  t h e  s i n t e r i n g  
cyc le  usua l ly  employed t o  bond space-wound o r  woven wire-type t r a n s p i r a t i o n  
cool ing materials. While t h i s  t reatment  of shee t  specimens may not  produce t h e  
micros t ruc ture  expected f o r  f i n e  w i r e s ,  t h e  r e s u l t a n t  g ra in  growth i s  more nea r ly  
s imula t ive  than  t h e  o r i g i n a l  wrought s t r u c t u r e .  Sheared coupons w e r e  placed i n  
pe r fo ra t ed  mild steel  t r a y s  wi th  F ibe r f r ax  s e p a r a t o r s  t o  prevent  a c t u a l  s i n t e r i n g  
of adjacent  s t r i p s .  
per iods  a t  2100°F i n  dry hydrogen (below -80°F dewpoint) wi th  in te rmedia te  
cool ing t o  room temperature a f t e r  s i n t e r i n g .  Alloys GE 1541, Hoskins 875, and 
Udimet 500 appeared t o  be  s l i g h t l y  oxidized because of t h e i r  aluminum content ;  
o t h e r  a l l o y s  w e r e  b r i g h t .  

success ive ly  f i n e r  grades of ab ras ive  and f i n i s h i n g  wi th  1'1320 g r i t  s i l i c o n  
carbide.  A brigh.t ,  smooth s u r f a c e  having b e t t e r  than 10 micro-inch RMS f i n i s h  
w a s  produced. The s t r i p s  w e r e  f inish-ground t o  0.5 2 0.010 x 6.0 2 0.010 inch 
s i z e  as sho-wn i n  Figure 4-1. 
t r i c h l o r e t h y l e n e  wi th  an acetone r i n s e  t o  avoid ch lo r ide  res idues .  Each speci-  
men w a s  measured t o  determine i t s  a c t u a l  s i z e  and area. Thickness w a s  measured 
wi th  a c a l i b r a t e d  p r e c i s i o n  micrometer using a p in  anv i l .  
made a t  t h r e e  p o i n t s  along the  specimen length  t o  the  n e a r e s t  0.0001 inch.  
Specimen weight w a s  determined t o  t 0.1  mg wi th  an a n a l y t i c a l  balance.  

The s imulated s i n t e r i n g  cyc le  cons is ted  of two four-hour 

Af t e r  s i n t e r i n g ,  a l l  coupons w e r e  pol ished wi th  a power b e l t  sander  using 

F i n a l  s o n i c  c leaning w a s  accomplished i n  h o t  

Measurements were 

4.2 Oxidation Cycle 

Specimens w e r e  contalned i n  z i rcon  ceramic thimbles during oxida t ion  
cycl ing t o  c o l l e c t  spa11 and avoid extraneous contamination. The thimbles are 
shaped l i k e  test tubes 0.88 O.D. x 0.75 I.D. x 7 inches long wi th  a f l a t  d i s c  
l i d  and having fou r  0.13 inch  a i r - c i r c u l a t i n g  holes  d r i l l e d  nea r  t h e  top and 
bottom as shown i n  Figure 4-1. Prel iminary tests wi th  mild steel samples showed 
t h a t  t h i s  arrangement allows s u f f i c i e n t  a i r  convection s o  t h a t  r e s u l t s  are 
e s s e n t i a l l y  equiva len t  t o  open a i r  oxida t ion .  Zircon base  ceramic material 
(Zr02-Si02, Leco 528-125) w a s  chosen t o  minimize f lux ing  o r  o the r  i n t e r a c t i o n  be- 
tween m e t a l  oxides and t h e  thimble. A l l  thimbles w e r e  hard f i r e d  a t  2900°F and 
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baked ou t  a t  1400'F t o  constant  weight be fo re  using. 
thimbles w i t h  four-point minimum con tac t  a t  t h e  corners  of  t h e  specimen. 
thimble and thimble-coupon combination w a s  weighed t o  0.1 mg be fo re  exposure. 

from 0.19 inch  diameter type 330 s t a i n l e s s  steel w i r e  t o  minimize con tac t  between 
thimbles and rack.  Twelve openings w e r e  used f o r  thimbles containing each of 
t h e  twelve a l l o y s .  
thimble weight changes due t o  heat ing.  The last  opening w a s  used f o r  a dummy 
thimble containing an i n s e r t e d  thermocouple t o  s imula t e  and monitor a c t u a l  speci-  
men temperature. Ten racks w e r e  arranged on a movable skid-pan, allowing one 
specimen set f o r  each t i m e  cyc le  and one s p a r e  o r  check set. Thermocouples w e r e  
%24 G a  chromel-alumel f o r  1400 and 1600'F tests and 1/14 G a  chromel-alumel a t  t h e  
h ighe r  temperatures.  One thermocouple from each rack w a s  connected t o  a c e n t r a l  
potentiometer-recorder which continuously monitored t h e  temperature of each 
specimen set. Automatically c o n t r o l l e d  and recording electric furnaces  with 
13 x 16 x 48 inch type 330 stainless steel  muff les ,  l oose ly  blocked wi th  f i r e -  
b r i c k ,  were used t o  maintain temperatures w i t h i n  21% of t h e  nominal s e t t i n g .  
Two furnaces  were used t o  exped i t e  t e s t i n g .  

Coupons w e r e  placed i n  t h e  
Each 

Thimbles w e r e  v e r t i c a l l y  supported i n  2 x 7 a r r a y  on a s p e c i a l  rack made 

One opening w a s  used f o r  an empty c o n t r o l  thimble t o  check 

Oxidation cyc l ing  procedure cons i s t ed  o f  a d j u s t i n g  t h e  furnace t o  t h e  re- 

Prepared sample skid-pans were loaded wi th  a f o r k - l i f t  d o l l y  i n t o  
quired temperature wi th  a p ropor t iona l  c o n t r o l l e r  set t o  minimize temperature 
f l u c t u a t i o n .  
t h e  furnace and power w a s  increased and then backed-off t o  " m e e t "  t h e  temperature 
and minimize l a g .  F u l l  furnace recovery t i m e  w a s  less than one hour f o r  a l l  runs.  
Af t e r  exposure f o r  t h e  r equ i r ed  t i m e ,  t h e  skid-pan w a s  removed and a l l  sample 
sets were cooled t o  room temperature i n  about one hour i n  s t i l l  a i r  under ambient 
condi t ions.  The assigned rack w a s  then removed t o  a d e s s i c a t o r  f o r  f u t u r e  ex- 
amination and t h e  o t h e r  samples w e r e  r e tu rned  t o  t h e  furnace.  
w a s  repeated f o r  each t i m e  i n t e r v a l  of 4,  16,  64, 100, 200, 300, 400, 500, and 
600 hours and f o r  each temperature of 1400, 1600, 1800, 2000, 2100 and 2200'F. 

This  procedure 

4.3 Specimen Examination and Test ing 

Af te r  ox ida t ion  exposure, each sample set of twelve a l l o y s  w a s  s t o r e d  i n  a 
d e s s i c a t o r  pending la te r  weighing, examination and t e n s i l e  t e s t i n g .  The follow- 
ing  c h a r a c t e r i s t i c s  w e r e  determined f o r  each a l l o y  a f t e r  each temperature-time 
ox ida t ion  per iod.  

(1) 
(2)  Thickness changes and s u r f a c e  oxide c h a r a c t e r i s t i c s  
(3) 
(4) Mechanical p r o p e r t i e s  a t  room temperature 

4.3.1 Oxidation and spa l l .  - Each a l l o y  coupon-thimble combination w a s  

T o t a l  ox ida t ion  weight ga in  and oxide- s p a l l  weight 

Oxide p e n e t r a t i o n  and a l l o y  mic ros t ruc tu re  

weighed t o  0 .1  mg t o  determine t o t a l  ox ida t ion  and amount of oxide s p a l l i n g .  
Data w e r e  determined by d i r e c t  weighing and by i n d i r e c t  o r  d i f f e r e n c e  weighing. 
The weighing procedure followed t h i s  sequence: 

thimble + s p a l l  + coupon (1) 
(2) coupon 
( 3 )  thimble + s p a l l  
(4) s p a l l  
(5) * thimble 

8 



b 

The thimble,  s p a l l  and coupon (1) w e r e  weighed toge ther .  
w a s  removed, along wi th  adherent oxides ,  and weighed sepa ra t e ly .  The remaining 
s p a l l  and thimble ( 3 )  w e r e  weighed. The s p a l l  ( 4 )  w a s  removed from t h e  thimble 
wi th  a s o f t  brush and weighed. 
a lone.  
o r  oxide l o s s  because of s t i c k i n g  t o  t h e  thimble. 

To ta l  weight ga in  and s p a l l  were determined from these  da t a .  
weights w e r e  used except  where i n d i r e c t  o r  d i f f e r e n c e  weights showed less 
scat ter  o r  e r r o r .  Example c a l c u l a t i o n s  are shown below: 

Then the coupon (2)  

F ina l ly ,  t h e  empty thimble (5) w a s  weighed 
These redundant weighings provide f o r  checking e r r o r s  due t o  acc ident  

Direct 

Direct I n d i r e c t  

S p a l l  weight ( 4 )  ( 3 )  - (5, i n i t i a l )  

Tota l  weight ga in  ( 2 ,  f i n a l )  - ( 2 ,  i n i t i a l )  + (4) (1) - (5, i n i t i a l )  

I n i t i a l  thimble weights (5) w e r e  cor rec ted  t o  compensate f o r  a s m a l l  weight 
ga in  of t h e  c o n t r o l  thimble a t  t h e  h ighes t  temperatures.  Direct and i n d i r e c t  
weight d a t a  should be equal  and i n  most cases  they were equal  w i th in  expected 
experimental  e r r o r .  S p a l l  weight sometimes exceeds t o t a l  weight ga in  because 
s p a l l  c o n s i s t s  of m e t a l  oxides while  t o t a l  weight ga in  c o n s i s t s  of reac ted  
oxygen only .  

4.3.2 Thickness and s u r f a c e  examination. - After  weighing, a l l  speci-  
mens were re-measured with t h e  micrometer a t  t h e  same reference  p o i n t s  shown 
i n  Figure 4-1 t o  determine gross  changes i n  th ickness  due t o  oxida t ion  and 
s p a l l i n g .  The specimens w e r e  sheared t o  provide s a m p l e s  f o r  macrophotography, 
metal lographic  examination and t e n s i l e  t e s t i n g .  Surface oxide c h a r a c t e r i s t i c s  
w e r e  observed a t  low magnif icat ion and photographical ly  recorded showing t h e  
progression of ox ida t ion  cor ros ion  wi th  t i m e  f o r  each tes t  temperature.  Loose 
oxide s p a l l  w a s  co l l ec t ed  from each specimen and preserved. 

4 .3 .3  Metallographic examination. - Metal lographic  samples w e r e  sheared 
from t h e  top end (as  he ld  during oxida t ion)  of each specimen shown i n  Figure 4-1 
Shearing w a s  used in s t ead  of t h e  customary w e t  o r  dry ab ras ive  cut-off wheel 
t o  avoid contaminating the  oxide f i l m  with extraneous deb r i s .  Cut samples 
w e r e  mounted i n  a l i q u i d ,  two-part c a s t i n g  r e s i n .  Specimens w e r e  segregated 
and c l a s s i f i e d  according t o  t h e i r  expected po l i sh ing  and e tch ing  c h a r a c t e r i s t i c s  
Each mount contained t h r e e  t o  t e n  s a m p l e  s t r i p s  of t h e  s a m e  a l l o y  separa ted  
wi th  t h i n  type 302 s t a i n l e s s  s teel  o r  Inconel  600 support  s t r i p s  t o  he lp  pre- 
serve specimen edges. The s t r i p s  w e r e  pa in ted  wi th  l i q u i d  resin and bundled 
i n t o  a compact, wire-wrapped assembly t o  avoid bubbles between specimens. 
Liquid r e s i n  p o t t i n g  w a s  used in s t ead  of convent ional  hot-press mounting t o  
minimize damage t o  t h e  f r a g i l e  oxide l aye r s .  

about 0.060 inch t o  ob ta in  a r ep resen ta t ive  specimen c ross  sec t ion .  Normal 
f i n i s h  gr inding  and po l i sh ing  procedures w e r e  employed, using magnesium oxide 
f o r  f i n a l  po l i sh ing .  Oxide l a y e r s  w e r e  observed a t  300X wi th  a microscope 
using normal, r e f l e c t e d  l i g h t .  Oxide th ickness  w a s  measured wi th  a c a l i b r a t e d  
eye-piece r e t i c u l e  and average th ickness  w a s  es t imated over t h e  e n t i r e  specimen 

The cured specimen mounts w e r e  ground back from t h e  exposed specimen ends 
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periphery.  Photomicrographs a t  300X w e r e  made showing a r e p r e s e n t a t i v e  oxide 
l a y e r  f o r  t h e  600 hour specimen of each al loy-temperature  combination. 

Af t e r  oxide l a y e r  observat ions and measurements w e r e  completed, t h e  600 
hour specimens w e r e  e tched using t h e  schedule  repor ted  i n  Table 4-1. 
morphology a t  t h e  s e c t i o n  cen te r  w a s  observed and photographed a t  500X using 
a microscope wi th  normal l i g h t i n g .  Comparison specimens of each a l l o y  i n  t h e  

Elec t ron  beam welded specimens, discussed i n  Sec t ion  4.4, w e r e  s i m i l a r l y  sec- 
t ioned ,  po l i shed  and etched t o  show pene t r a t ion  and weld s t r u c t u r e .  
micrographs w e r e  made a t  50X magnif icat ion.  

Alloy 

as-received" and "as-sintered" condi t ion  w e r e  a l s o  prepared and photographed. t l  

Photo- 

4.3.4 Tens i l e  tests. - The four-inch segment of t h e  oxidized specimen 

Half-scale  ASTM E-8 t e n s i l e  test specimens, 
coupon w a s  used f o r  t e n s i l e  tests t o  show changes i n  mechanical p rope r t i e s  caused 
by ox ida t ion  and h e a t  exposure. 
having a 1.000 x 0.250 gage s e c t i o n ,  w e r e  wet-ground from each sample. Speci- 
mens w e r e  pu l l ed  a t  0.050 inch/minute on an I n s t r o n  t e s t i n g  machine t o  provide 
a continuous s t r e s s - s t r a i n  curve f o r  each specimen. U l t i m a t e  t e n s i l e  s t r e n g t h  
and y i e l d  s t r e n g t h  (0.2% of f - se t )  w e r e  determined on t h e  b a s i s  of measured gross  
specimen th ickness  a f t e r  ox ida t ion  exposure t o  allow d a t a  comparison between 
specimens. Elongation w a s  measured from lay-out marks on t h e  one-inch gage- 
length  a f t e r  f r a c t u r e .  Addi t iona l  tests w e r e  conducted on "as-received'' and 
as-s intered" material f o r  comparison purposes. 11 

4.4 Elec t ron  B e a m  Welding 

E lec t ron  beam welding f e a s i b i l i t y  tests w e r e  conducted on each a l loy .  
S t r i p  specimens, s imilar  t o  those  descr ibed i n  Sec t ion  4.1 "Specimen Preparat ion,"  
w e r e  hea t - t rea ted  and butt-welded toge ther ,  Prel iminary tests showed t h a t  a 
common welding schedule  of 3 m a  beam cur ren t  a t  100-130 KV wi th  0.025-0.040 inch  
c i r c u l a r  beam d e f l e c t i o n  and a t r a v e r s e  speed of 30 inches pe r  minute w a s  ade- 
quate  f o r  a l l  specimens. 
graphic  samples w e r e  made by welding toge ther  two 0.5 x 0.5 inch s t r i p s  and 
processing according t o  t h e  methods given i n  Sec t ion  4.3.3 "Metallographic 
Examination.'' 
inch s t r i p s  and wet-grinding one-half scale ASTM E-8 conf igura t ion  specimens 
wi th  t h e  weld-zone centered  i n  t h e  gage-length. 
as descr ibed i n  Sec t ion  4.3.4 "Tensi le  T e s t s . "  

Two weld samples w e r e  prepared f o r  each a l loy .  Metallo- 

Tens i l e  tes t  samples w e r e  made by welding toge ther  two 0.5 x 2 

Tens i l e  tests w e r e  conducted 
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5 RESULTS AND DISCUSSION 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  provide supplementary engineer ing 
d a t a  f o r  s e l e c t i n g  a l l o y s  s u i t a b l e  f o r  t r a n s p i r a t i o n  cool ing app l i ca t ions .  
Three "best-compromise" a l l o y s ,  TD nickel-chromium, DH 242 and Has te l loy  X, 
were chosen from t h e  twelve candidate  a l l o y s  t e s t ed .  Choice w a s  based on con- 
s i d e r a t i o n s  of c y c l i c  ox ida t ion  r e s i s t a n c e ,  r e t e n t i o n  of good mechanical prop- 
erties (e spec ia l ly  d u c t i l i t y )  a f t e r  ox ida t ion  and heat-aging, and manufacturing 
o r  f a b r i c a t i o n  f e a s i b i l i t y .  
0.005 inch  diameter w i r e  form w i l l  be descr ibed i n  a subsequent r epor t .  
r e s u l t s  repor ted  i n  t h e  present  i n v e s t i g a t i o n  are pr imar i ly  intended t o  be used 
i n  t r a n s p i r a t i o n  cool ing technology, bu t  t hese  d a t a  should a l s o  be u s e f u l  f o r  
o t h e r  app l i ca t ions .  Alloy s e l e c t i o n  r a t i o n a l e  based on these  test r e s u l t s  i s  
discussed i n  t h e  context  of i t s  app l i ca t ion  t o  space-wound (Poroloy) and woven 
w i r e  (Rigimesh, Poroplate)  t r a n s p i r a t i o n  cooling materials. 

material a l l o y  s e l e c t i o n .  Maximum cool ing e f f i c i e n c y  r equ i r e s  a material s t ruc-  
t u r e  with extended su r face  area and s m a l l ,  closely-spaced pores.  The l a r g e  
i n t e r n a l  su r f ace  area and s m a l l  i n t e r n a l  s e c t i o n s  are suscep t ib l e  t o  oxida t ion  
damage which may r e s u l t  i n  plugging o r  s t r u c t u r a l  d e t e r i o r a t i o n .  Oxide growth 
wi th in  porous flow-channels o r  i n t e r n a l  s p a l l i n g  of oxide scales r e s t r i c t s  
coolant  a i r  flow and causes loca l i zed  over-heating which accelerates f u r t h e r  
oxidat ion.  
and may u l t ima te ly  cause s t r u c t u r a l  f a i l u r e .  
a i r  consumption i s  d e s i r a b l e  t o  maximize n e t  engine e f f i c i e n c y  gain.  
t r a n s p i r a t i o n  cooled components should be used a t  t h e  h ighes t  a l lowable temper- 
a t u r e  which does not  cause excessive oxida t ion  and func t iona l  degradation. The 
optimum design compromise f o r  t r a n s p i r a t i o n  cool ing material geometry i s  l a r g e l y  
determined by t h e  oxida t ion  r e s i s t a n c e  of t h e  metal a l l o y  s e l e c t e d  f o r  
cons t ruc t ion .  

Fur ther  ox ida t ion  tests of t hese  t h r e e  a l l o y s  i n  
The 

Oxidation r e s i s t a n c e  i s  a primary c r i t e r i o n  f o r  t r a n s p i r a t i o n  cooling 

Corrosion of t h i n  i n t e r n a l  w i r e s  o r  w a l l s  reduces material s t r e n g t h  
Minimum cooling wi th  low coolant  

Therefore,  

. Retent ion of s t r e n g t h  and d u c t i l i t y  a f t e r  ox ida t ion  and hea t  exposure is 
a l s o  an important cons idera t ion  f o r  a l l o y  se l ec t ion .  
materiale are used as an ou te r  hea t - r e s i s t i ng  l a y e r  o r  "skin" which i s  a t tached  
t o  a cooler  support ing s t r u c t u r e .  The inne r  s t r u c t u r e  provides  necessary mech- 
anical s t r e n g t h  f o r  t h e  component and conducts coolant  a i r  t o  t h e  s k i n  through 
ducts  and plenums. 
i t s e l f " .  
important than oxida t ion  r e s i s t a n c e  f o r  t r a n s p i r a t i o n  cooling materials. 
t i l i t y  r e t e n t i o n  during service i s  necessary.  
prolonged exposure t o  temperatures i n  the  range of 1400 t o  1600'F and become 
f a i r l y  b r i t t l e .  
t o  fo re ign  ob jec t  damage o r  cracking from c y c l i c  hea t ing  and cooling. 
d u c t i l i t y  r e t e n t i o n  i s  a major a l l o y  proper ty  f o r  t h i s  app l i ca t ion .  

Manufacturing and f a b r i c a t i o n  c h a r a c t e r i s t i c s  must a l s o  be considered i n  
producing p r a c t i c a l  and economical t r a n s p i r a t i o n  cooled hardware. 
p i r a t i o n  cool ing materials are manufactured by sinter-bonding w i r e  s t r u c t u r e s  
which are made by space-winding i n  a geometr ical ly  determined p a t t e r n  o r  by 
s tacking  l a y e r s  of woven mesh. Therefore,  t h e  s e l e c t e d  a l l o y  must be s u i t a b l e  
f o r  w i r e  drawing and s i n t e r i n g .  

Most t r a n s p i r a t i o n  cooling 

Therefore ,  t h e  s k i n  is  gene ra l ly  required only t o  "hold 
Good s t r e s s - rup tu re  p r o p e r t i e s  are d e s i r a b l e ,  b u t  s t r e n g t h  i s  less 

Duc- 
Some supe ra l loys  over-age a f t e r  

This  l a c k  of d u c t i l i t y  renders  t hese  materials more s u s c e p t i b l e  
Therefore ,  

Most t rans-  

Comparatively b r i t t l e  o r  non-homogeneous a l l o y s  
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are d i f f i c u l t  t o  draw and a l l o y s  containing reactive elements such as aluninum 
o r  t i t an ium are d i f f i c u l t  t o  s i n t e r .  A f t e r  manufacturing t h e  s k i n  must be 
formed and f a s t ened  t o  i t s  support ing s t r u c t u r e .  E lec t ron  beam welding i s  
commonly used i n  f a b r i c a t i o n .  Therefore,  a l l o y  w e l d a b i l i t y  is  an important 
considerat ion.  

This  i n v e s t i g a t i o n  w a s  designed t o  eva lua te  and compare t h e  s e l e c t e d  a l l o y s  
according t o  ox ida t ion  r e s i s t a n c e ,  mechanical s t a b i l i t y  and manufacturing char- 
acteristics, which are e s s e n t i a l l y  p e r t i n e n t  f o r  t r a n s p i r a t i o n  cooling material 
a l l o y  s p e c i f i c a t i o n .  
"Numerical Data Tabulation". T o t a l  ox ida t ion  weight ga in  and oxide s p a l l  weight 
are p l o t t e d  as a func t ion  of t i m e  f o r  each a l l o y  w i t h  temperature as a parameter 
i n  Appendix 2,  "Alloy Oxidation Plots".  
and photomicrographs of oxide l a y e r  s e c t i o n s ,  a l l o y  mic ros t ruc tu res ,  and e lec .  
t r o n  beam weld zone s e c t i o n s  are shown f o r  each a l l o y  i n  Appendix 3 ,  "Metal- 
log raph ic  Examination". Oxide l a y e r  t h i ckness  and pene t r a t ion ,  determined by 
measurement of t h e  
P e n e t r a t i o n  Plots".  
shown f o r  each a l l o y  a t  100 hours  and 600 hours cycl ing t i m e  i n  Appendix 5, 
"Tensi le  T e s t  Data Plots".  

A l l  test d a t a  w e r e  reduced and t abu la t ed  i n  Appendix 1, 

Se lec t ed  photographs of s u r f a c e  oxides 

metallographic? s e c t i o n s  are shown i n  Appendix 4,  "Oxidation 
Mechanical property changes with exposure temperature are 

5.1 Oxidation and S p a l l  

T o t a l  ox ida t ion  weight ga in  w a s  determined f o r  specimens r ep resen t ing  each 
alloy-temperature-time combination. S p e c i f i c  weight ga in  pe r  u n i t  area w a s  
c a l c u l a t e d  from both d i r e c t  weighing d a t a  (ne t  i n c r e a s e  i n  t h e  sum of coupon 
p l u s  c o l l e c t e d  s p a l l  weights) and i n d i r e c t  o r  d i f f e r e n c e  weighing d a t a  (ne t  
i nc rease  i n  t o t a l  thimble p l u s  specimen weights,  co r rec t ed  f o r  thimble weight 
change). These d a t a  are p l o t t e d  i n  Figures  5.1-1 through 5.1-6 which compare 
a l l o y  ox ida t ion  r e s i s t a n c e  a t  each test temperature. 
p l o t s  on a log-log g r i d ,  showing s p e c i f i c  weight i n c r e a s e  as a func t ion  of  
t i m e ,  were adequate t o  r ep resen t  t h e  test data .  The r e s u l t a n t  l i n e a r  r e l a t i o n -  
s h i p  f o r  most a l l o y  tests suggests  t h a t  diffusion-control led ox ida t ion  k i n e t i c s  
predominated, i n  which expected pa rabo l i c  rate l a w s  were modified by a l l o y  
complexity and oxide s p a l l i n g  a t  t h e  higher  temperatures. Direct weighing d a t a  
w a s  used from 1400 t o  1600OF tests while  i n d i r e c t  weighing d a t a  usua l ly  proved 
t o  be more r e l i a b l e  a t  higher  temperatures.  
t h e  test thimbles w a s  more severe a t  temperatures above 1800 t o  2000'F. 
a f f e c t  of i nc reas ing  temperature on ox ida t ion  rate i s  shown f o r  each a l l o y  i n  
Appendix 2 "Alloy Oxidation Plots".  

as s p e c i f i c  weight p e r  u n i t  area. 
Figures  5.1-7 through 5.1-11 f o r  each s i g n i f i c a n t  test temperature. Spa l l i ng  
w a s  n o t  measurable w i t h i n  test accuracy l i m i t s  a t  1400OF and many a l l o y s  had 
i n s i g n i f i c a n t  s p a l l i n g  a t  1600OF. S p a l l  rate d a t a  are a l s o  represented by a 
l i n e a r  p l o t  on a log-log g r i d  which suggests  i t s  dependence on t h e  t o t a l  oxi- 
da t ion  rate. 
f o r  each a l l o y  i n  Appendix 2. 

Fa i r ed  power-function 

Oxide s p a l l i n g  and adherence t o  
The 

Oxide s p a l l  weight w a s  s i m i l a r l y  determined f o r  each specimen and expressed 
Spa l l ing  f o r  each a l l o y  i s  compared i n  

The a f f e c t  of i nc reas ing  temperature on s p a l l  rate i s  a l s o  shown 
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The comparative ox ida t ion  and spa11 rates shown i n  Figures  5.1 through 
5.11 are i d e n t i f i e d  according t o  t h e  a l l o y  number sequence assigned i n  
Sec t ion  3,"Alloy S e l e c t i o n  and Procurement". 

1. N 155 
2. TD n i c k e l  
3. TD nickel-chromium 
4. Bendel 65-35 
5. Chrome1 A 
6. DH 242 

7. GE 1541 
8. Hoskins 875 
9. RA 333 

10. Has te l loy  X 
11. Udimet 500 
12. Haynes 25 

A t  1400°F t h e  i r o n  and n i c k e l  base resis tance-heat ing type a l l o y s  (8, 6 ,  3, 5, 7) 
are shown t o  be most ox ida t ion  r e s i s t a n t  i n  t h e  o r d e r  given when evaluated at 
t h e  600 hour mark. 
n i f i c a n t  f o r  engineer ing eva lua t ion  and s e l e c t i o n  of t h e  b e t t e r  a l loys .  Con- 
s i d e r a t i o n  of t h e  p l o t t e d  s l o p e  of s p e c i f i c  weight gain/ t ime i s  a l s o  important:  
a l l o y  7 apparent ly  has a high i n i t i a l  ox ida t ion  rate, which i s  quickly a r r e s t e d  
when a p r o t e c t i v e  oxide f i l m  i s  formed, and t h e  r e s u l t a n t  s l o p e  is  n e a r l y  f l a t .  
Alloy 4, Bendel 65-35, w a s  not  t e s t e d  a t  1400OF. 
( 3 ,  4, 5, 69 7) show b e s t  ox ida t ion  r e s i s t a n c e  bu t  i n  d i f f e r e n t  sequence and a t  
1800*F t h e  o rde r  of ranking (3, 7 ,  8, 5 ,  6) i s  aga in  changed. A t  2000°F a l l o y s  
3, 8, and 7 are c l e a r l y  s u p e r i o r  and supe ra l loys  10 and 11 begin t o  contend 
with t h e  nickel-chromium a l l o y s  5 and 6. 

cycl ing a t  2100 and 2200'F: TD nickel-chromium ( 3 ) ,  DH 242 (6 ) ,  Koskins 875 
(8),  Hastel loy X ( l o ) ,  and Udimet 500 (11). Alloy 6 w a s  chosen over s i m i l a r  
a l l o y  5 because both a l l o y s  were comparable i n  ox ida t ion  r e s i s t a n c e  a t  2000°F, 
and a l l o y  6 had been used t o  make t r a n s p i r a t i o n  cooling materials having good 
d u c t i l i t y  r e t en t ion .  Alloy 8 w a s  chosen over similar a l l o y  7 because t h e  former 
showed s l i g h t l y  b e t t e r  ox ida t ion  r e s i s t a n c e  a t  2000°F, and a l l o y  7 presented 
more d i f f i c u l t  f u t u r e  manufacturing problems because of i t s  y t t r ium content.  
A t  2100°F the chosen a l l o y s  w e r e  ranked 3,  8, 10,  6 ,  11 and a t  2200°F t h e  o r d e r  
w a s  changed t o  3, 8, 6, 10,  11. Alloys 3,  6, and 10 w e r e  later chosen f o r  
f u r t h e r  s tudy as f i n e  w i r e s .  Alloy 3 w a s  c o n s i s t e n t l y  s u p e r i o r  i n  high temper- 
a t u r e  ox'idation r e s i s t a n c e .  Alloys 6 and 10 promised good ox ida t ion  r e s i s t a n c e  
along with good mechanical and f a b r i c a t i o n  p r o p e r t i e s ,  a l r eady  proven i n  manu- 
f a c t u r i n g  and t e s t i n g  t r a n s p i r a t i o n  cooling materials. Alloy 8 w a s  n o t  t e s t e d  
i n  w i r e  form, d e s p i t e  i t s  e x c e l l e n t  ox ida t ion  r e s i s t a n c e ,  because of i t s  r a p i d  
l o s s  of d u c t i l i t y  on hea t ing  as shown by t h e  t e n s i l e  tests descr ibed i n  Sec- 
t i o n  5.4. 
and metal lographic  examination ind ica t ed  t h a t  a l l o y  7 would have provided a 
b e t t e r  combination of ox ida t ion  r e s i s t a n c e  and d u c t i l i t y  r e t e n t i o n  than a l l o y  8. 

Alloy ranking f o r  least s p a l l i n g  c l o s e l y  fol lows t h a t  given f o r  t o t a l  ox ida t ion  
r e s i s t a n c e .  Spa l l i ng  w a s  n e g l i g i b l e  f o r  a l l  a l l o y s  a t  1400°F; a t  1600°F s p a l l i n g  
w a s  measurable f o r  a l l o y s  4, 1, 9 ,  and 10 only. A t  1800°F ranking f o r  least 
s p a l l i n g  w a s  8, 3, 7, 10, 1 2  and a t  2000°F t h e  o r d e r  w a s  changed t o  7 ,  8,  3, 
10, 6. A t  t h e  h ighe r  test temperatures a l l o y  ranking w a s  3, 8,  10,  6 ,  11 a t  
2100°F and 3, 8, 6 ,  10,  11 at  2200°F- The supe ra l loys  10 and 11 showed 
sharply increased ox ida t ion  and s p a l l i n g  rates a f t e r  about 300 hours exposure 
t i m e  . 

The longes t  ox ida t ion  t i m e s  are considered t o  be most s ig-  

A t  1600°F t h e  same a l l o y  types 

Based on t h e s e  comparisons, f i v e  a l l o y s  were chosen f o r  f u r t h e r  ox ida t ion  

Alloy 7 r e t a i n e d  d u c t i l i t y  a f t e r  hea t ing  a t  2000°F. L a t e r  t e s t i n g  

Spa l l ing  r e s i s t a n c e  is  shown s e p a r a t e l y  i n  Figures  5.1-7 through 5.1-11. 
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5.2 Thickness and Surface Examination 

Gross thickness changes measured with a micrometer are recorded in 
Appendix 1, "Numerical Data Tabulation". 
ness with progressing oxidation was shown until spalling became significant. 
After this point localized scaling and spalling caused increasing data scatter. 
Oxide layer thickness and penetration measurements were, therefore, determined 
exclusively from metallographic sections. Gross thickness measurements when 
compared with oxide penetration measurements, provide a useful indication of 
progressive oxidation and remaining metal thickness as shown in Appendix 4 ,  
"Oxide Penetration Plots''. 

color, texture or particle size, and magnetic properties are noted in Appendix 1. 
Photomacrographs of the 1800'F specimens were selected for reproduction in 
Appendix 3, "Metallographic Examination". This temperature showed visibly pro- 
gressive oxidation corrosion for all alloys except T9 nickel-chromium which is 
shown at 2200'F. These photographs help describe the qualitative character of 
oxide formation and spalling for each of the test alloys. 

A general trend of increasing thick- 

Surface oxides were examined for each specimen. Typical characteristics of 

5.3 Metallographic Examination 

Photomicrographs are reproduced in Appendix 3, "Metallographic Examination", 
which show the formation and penetration of the oxide layer for the 600 hour 
specimen at each significant test temperature. Specimens were selected, as 
indicated by captions, to show the probable useful range of temperature. These 
metallographic sections, and the other specimens exposed for shorter times, were 
measured to determine the data plotted in Appendix 4 ,  "Oxide Penetration Plots" 
which show the relationship of specimen thickness change and oxide penetration 
as a function of cycling time for each temperature. Oxide layer thickness and 
observed penetration are recorded for each specimen in Appendix 1, "Numerical 
Data Tabulation". 
from exposure to successively higher test temperatures are also shown for the 
same 600 hour specimens in the photomicrographs of Appendix 3. 
showing "as-received" and "as-sintered" microstructures are shown for each alloja 
Electron beam weld zone sections, etched to show weld characteristics and micro- 
structure, are also reproduced here. 

Internal microstructure and morphology changes resulting 

Control specimens 

Examination of the oxide layer and alloy microstructure photomicrographs 
of Appendix 3 shows progressive change with increasing temperature which may 
be correlated with alloy performance. 
retain comparatively thin, adherent oxide films with little integranular or 
internal oxidation.' The beginning of substantial oxide penetration is associated 
with heavy spalling and an increase in spa11 rate which clearly defines the upper 
temperature limit for engineering utilization of the alloy. Similarly, micro- 
structural changes may be compared with changes in mechanical properties and 
especially with changes in ductility which may affect alloy selection for some 
temperature ranges. 

TD nickel-chromium (3) alloy (Figures A3-3), which exhibited the best 
oxidation resistance, has an initial medium-fine grain structure with a uniform 
but slightly clumped dispersion of thoria. 

The most oxidation resistant alloys 

Unresolved micro-sized thoria 
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p a r t i c l e s  are probably a l s o  p re sen t .  
no apparent change i n  t h i s  microstructure .  Oxide l a y e r s  are t h i n  and uniform 
a t  temperatures up t o  2000'F. 
2200°F, i n  a s s o c i a t i o n  wi th  inc reased  oxide p e n e t r a t i o n  and apparent i n t e r n a l  
oxidat ion.  The oxide p e n e t r a t i o n  p l o t s  of Appendix 4 show s m a l l  p e n e t r a t i o n  
and s l i g h t  t o t a l  thickness  growth which may be r e l a t e d  t o  i n t e r n a l  ox ida t ion  
a t  t h e  h i g h e s t  temperatures.  
temperature range of 1400-2200'F. 

Hoskins 875 (8) and GE 1541 (7) a l l o y s  (Figures  A3-8 and A3-7), which had 
e x c e l l e n t  ox ida t ion  resistance, both changed i n  mic ros t ruc tu re  a f t e r  s i n t e r i n g  
a t  2100'F. Alloy 8 showed l a r g e  g r a i n  growth from an i n i t i a l  f i n e  g r a i n ,  s ing le -  
phase s t r u c t u r e  which w a s  a s soc ia t ed  with d r a s t i c  reduct ion i n  d u c t i l i t y .  
had smaller g r a i n  growth wi th  some spheroidizing of an i n i t i a l  two-phase s t ruc -  
t u r e  and an i n c r e a s e  i n  d u c t i l i t y .  
a t  temperatures up t o  2000'F. Pene t r a t ion  and th i ckness  changes w e r e  minimal. 
I n t e r n a l  ox ida t ion  and a s soc ia t ed  s p a l l i n g  w a s  a l s o  low. 
s l i g h t l y  coa r se r  with inc reas ing  temperature and d u c t i l i t y  f u r t h e r  decreased, 
although a l l o y  7 r e t a i n e d  very good d u c t i l i t y .  

ox ida t ion  resistance, both displayed marked g r a i n  growth a f t e r  s i n t e r i n g .  The 
o r i g i n a l  medium-grain ma t r ix  contained f i n e  i n c l u s i o n s  of  primary carbides .  
Oxide growth and p e n e t r a t i o n  became s u b s t a n t i a l  above 1800'F, and w a s  a s soc ia t ed  
wi th  heavy ox ida t ion  and s p a l l i n g .  Large th i ckness  inc reases  a l s o  appear and 
may r e s u l t  from ex tens ive  i n t e r n a l  oxidat ion.  
g a i n  but less spa11 and p e n e t r a t i o n  than a l l o y  5 a t  t h e  same temperatures. 
a l l o y s  showed some a d d i t i o n a l  g r a i n  growth and d u c t i l i t y  l o s s  as temperatures 
increased bu t  d u c t i l i t y  r e t e n t i o n  w a s  e x c e l l e n t ,  e s p e c i a l l y  f o r  a l l o y  6. 

Hastel loy X (10) and Udirnet 500 (11) a l l o y s  (Figures  A3-10 and A3-11), 
which had f a i r  ox ida t ion  r e s i s t a n c e ,  were considerably changed i n  mic ros t ruc tu re  
and mechanical p r o p e r t i e s  by s i n t e r i n g .  
w i th  v i s i b l e  primary carbides .  
w i th  a new boundary phase and some sphe ro id i za t ion ,  accompanied by reduced 
s t r e n g t h  and d u c t i l i t y .  Alloy 11 changed from a f a i r l y  l a r g e  g r a i n  s t r u c t u r e  
w i t h  a few primary carbides  and a p r e f e r e n t i a l l y  o r i e n t e d  f i n e  p r e c i p i t a t e  t o  
a similar s t r u c t u r e  wi th  uniformly p r e c i p i t a t e d  gamma prime. S t r eng th  w a s  
g r e a t l y  decreased and d u c t i l i t y  w a s  increased because of t h i s  so lu t ion ing .  
Both a l l o y s  showed s u b s t a n t i a l  ox ida t ion  a t t a c k  above 1600'F with f a i r l y  heavy 
oxidat ion,  s p a l l i n g ,  and oxide pene t r a t ion .  Grain growth increased wi th  increas-  
ing temperature, s t r e n g t h  decreased, but  d u c t i l i t y  improved from comparatively 
low elongat ions i n  t h e  1400-1600'F range. 

Bendel 65-35 
( 4 )  a l l o y  (Figures A3-4) showed l i t t l e  change i n  i t s  f i n e  g r a i n ,  coarsely dis-  
persed A1203-MgO s p i n e l  s t r u c t u r e  after s i n t e r i n g ,  and ox ida t ion  r e s i s t a n c e  w a s  
good a t  1600'F. But s p a l l i n g  and ox ida t ion  increased sha rp ly  a t  higher  temper- 
a t u r e s ,  where a second l o t  of t h e  a l l o y  w a s  t e s t e d ,  and d u c t i l i t y  decreased while  
thickness  grew, i n d i c a t i n g  s u b s t a n t i a l  i n t e r n a l  ox ida t ion  shown i n  t h e  photo- 
micrographs. Haynes 25 (12) a l l o y  (Figures A3-12) showed s l i g h t  g r a i n  growth 
after s i n t e r i n g  bu t  i n i t i a l  s t r e n g t h  w a s  s u b s t a n t i a l l y  reduced by annealing, 
Oxidation and s p a l l i n g  increased g r e a t l y  a t  1800 and 2000'F and d u c t i l i t y  was  

Simulated s i n t e r i n g  heat-treatment caused 

Minor s p a l l i n g  begins i n  t h e  range of 2000- 

Mic ros t ruc tu ra l  changes are minor over t h e  e n t i r e  

Alloy 7 

Both a l l o y s  formed t h i n  adherent oxide f i lms  

Grain s t r u c t u r e  became 

DH 242 (6) and Chrome1 A (5) a l l o y s  (Figures A3-6 and A3-5), which had good 

Alloy 6 had s l i g h t l y  more weight 
Both 

Alloy 10 had a f i n e  g r a i n  s t r u c t u r e  
A f t e r  s i n t e r i n g  l a r g e  g r a i n  growth w a s  observed 

Other a l l o y s  w e r e  less s a t i s f a c t o r y  i n  ox ida t ion  r e s i s t a n c e .  



ii 
Thickness increases a t  1800 and 2000°P imply internal minimized a t  1800OF. 

oxida t ion  as shown by t h e  oxide l a y e r  and i n t e r n a l  micros t ruc tures .  
and RA 333 (9) a l l o y s  (Figures A3-1 and A3-9) had l a r g e  g r a i n  growth a f t e r  
s i n t e r i n g  and comparable ox ida t ion  r e s i s t a n c e ,  w i th  g r e a t l y  increased  ox ida t ion  
a f t e r  1600OF and evidence of pene t r a t ion  and i n t e r n a l  oxidat ion.  TD n i c k e l  (2) 
a l l o y  (Figures  83-2) r e t a i n e d  i t s  f i n e l y  d ispersed  t h o r i a  s t r u c t u r e  a f t e r  s i n t e r -  
ing  wi th  l i t t l e  agglomeration. Oxidation and s p a l l i n g  w a s  high,  as expected, 
and became almost c a t a s t r o p h i c  above 1600'F. 
uneven oxide formation b u t  l i t t l e  i n t e r n a l  change al though th ickness  growth 
occurred. 

N 155 (1) 

The photomicrographs show heavy, 

5.4 Tens i le  Tests 

A l l  t e n s i l e  test d a t a  are t abu la t ed  i n  Appendix 1, "Numerical Data Tabu- 
l a t ion" ,  which g ives  u l t ima te  s t r e n g t h ,  y i e l d  s t r e n g t h ,  and e longat ion  f o r  each 
specimen a f t e r  ox ida t ion  cycl ing.  Se lec ted  d a t a  a t  100 hours and 600 hours 
exposure t i m e  i s  g raph ica l ly  displayed i n  Appendix 5,  "Tensi le  T e s t  Data P lo t s " ,  
which shows progress ive  changes i n  a l l o y  mechanical p r o p e r t i e s  wi th  increas ing  
exposure temperature.  Mechanical p r o p e r t i e s  of t h e a l l o y s  are compared a t  600 
hours f o r  each test temperature i n  Figures  5.4-1 and 5.4-2. Changes i n  mech- 
a n i c a l  p r o p e r t i e s  are r e l a t e d  t o  corresponding changes i n  a l l o y  oxida t ion  a t t a c k  
and mic ros t ruc tu re  as ind ica t ed  i n  Sec t ion  5.3, "Metallographic Examination". 

TD nickel-chromium (3) had good d u c t i l i t y  (about 20%) and f a i r l y  high 
y i e l d  s t r e n g t h  (near  90 k s i )  which w e r e  v i r t u a l l y  unaf fec ted  by exposure t o  
temperatures i n  t h e  range of 1400.2200°F f o r  up t o  600 hours. DH 242 (6) and 
similar a l l o y  Chrome1 A (5) had g r e a t e r  d u c t i l i t y  (over 40%) and lower y i e l d  
s t r e n g t h  (near  30 k s i )  which w e r e  only s l i g h t l y  reduced up t o  2000OF. Hoskins 
875 (8) had almost zero d u c t i l i t y  a f t e r  s i n t e r i n g  and oxida t ion ,  and reached a 
maximum s t r e n g t h  near  70 k s i  a t  1800-2000°F. GE 1541 (7) had good d u c t i l i t y  
(over 20-30%) and y i e l d  s t r e n g t h  (over 40 k s i )  which were somewhat reduced by 
exposure a t  t h e  h igher  temperatures up t o  2000'F. Has te l loy  X (10)had f a i r l y  
low d u c t i l i t y  (below 10-20%) a f t e r  aging a t  1400-1600'F which improved a t  
h igher  temperatures because of so lu t ion ing  while  y i e l d  s t r e n g t h  dropped from 
over 40 k s i  t o  about 30 k s i .  Udimet 500 (11) had a minimum d u c t i l i t y  (below 
10%) and y i e l d  s t r e n g t h  (about 70 k s i )  a t  1800OF wi th  b e t t e r  p r o p e r t i e s  above 
and below t h i s  temperature.  
p e r a t u r e  t e s t i n g  o r  wire-form tests, showed ind iv idua l  c h a r a c t e r i s t i c s  which 
may be seen by r e fe rence  t o  Figures  5.4-1 and 5.4-2 and Appendix 4. 

Other a l l o y s ,  which-were no t  chosen f o r  h igh  tem-  

5.5 E lec t ron  Beam Welding 

Elec t ron  beam welding f e a s i b i l i t y  w a s  demonstrated f o r  each a l loy .  
Metal lographic  s e c t i o n s  of t y p i c a l  butt-welded j o i n t s  are shown i n  Appendix 3, 
"Metallographic Examination". Tens i l e  test r e s u l t s  f o r  welded specimens are 
given i n  Table 5.5-1, "Mechanical P r o p e r t i e s  of Alloys'' and g raph ica l ly  com- 
pared wi th  o t h e r  t e n s i l e  test d a t a  i n  Appendix 5, "Tensi le  T e s t  Data Plots" .  
A l l  a l l o y s  were welded bu t  j o i n t  e f f i c i e n c y  and mic ros t ruc tu re  va r i ed  
considerably . 
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%. TD nickel-chromium (3) w a s  d i f f i c u l t  t o  weld and showed undercut t ing and 
A second "cosmetic" pass  w a s  made t o  agglomeration of  t h e  t h o r i a  dispers ion.  

seal o f f  p o r o s i t y  and improve t h e  weld surface.  
90 pe rcen t  based on room temperature y i e l d  s t r e n g t h  b u t  f r a c t u r e  occurred i n  
t h e  weld a t  only one pe rcen t  e longat ion.  
f ine-grain homogeneous mic ros t ruc tu re .  Tensile test  r e s u l t s  f o r  t h e  welded 
specimen were comparable t o  those  f o r  t h e  unwelded specimen and f r a c t u r e  
occurred o u t s i d e  of t h e  weld zone. Hastel loy X (10) w a s  a l s o  e a s i l y  welded 
with good j o i n t  e f f i c i e n c y  and s t r u c t u r e .  T e n s i l e  f r a c t u r e  w a s  d u c t i l e  and 
o u t  of t h e  weld zone. Alloys GE 1541 (7) and Hoskins 875 (8) w e r e  e a s i l y  welded 
wi th  a r e s u l t a n t  f ine-grain mic ros t ruc tu re  bu t  weld j o i n t  s t r e n g t h  and d u c t i l i t y  
w a s  f a i r l y  low. Comments on a l l o y  w e l d a b i l i t y  are summarized: 

J o i n t  e f f i c i e n c y  w a s  over 

DH 242 (6) w a s  e a s i l y  welded wi th  a 

Alloy Comments 

N 155 ( l ) . . .  .............. Apparently sound weld e a s i l y  obtained. 
no voids  i n  a very f i n e  as-cast s t r u c t u r e .  

TD n i c k e l  (2) ............. Not e a s i l y  welded. 
s i d e  of t h e  weld and t h e  mic ros t ruc tu re  showed 
p a r t i a l  agglomeration of t h o r i a  dispers ion.  

of t h e  weld. 
1 5  IPM t o  seal po ros i ty .  Agglomeration of  t h o r i a  
d i spe r s ion  and some p o r o s i t y  w e r e  revealed i n  t h e  
microstructure .  

obtained. The weld zone w a s  undercut on both s i d e s ,  
apparent ly  because t h e  s p i n e l  w a s  expel led during 
welding. 

Chrome1 A (5) ............. Apparently sound weld e a s i l y  obtained,  with medium 
t o  f i n e  g r a i n  s t r u c t u r e  

DH 242 
as-cast s t r u c t u r e .  

GE 1541 

There w e r e  

There w a s  undercut t ing on beam 

TD nickel-chromium (3) .... Not e a s i l y  welded. There w a s  undercut on beam s i d e  
A cover pas s  w a s  made a t  90 KV, 5 MA, 

Bendel 65-35 (4) .  ......... Apparently sound weld wi th  low p o r o s i t y  e a s i l y  

( 6 )  ................ Apparently sound weld e a s i l y  obtained,  w i th  f i n e  

(7) ............... Apparently sound weld e a s i l y  obtained,  w i th  f i n e  
g r a i n  s t r u c t u r e .  

g r a i n  s t r u c t u r e .  

p r e c i p i t a t e  i n  a f i n e  grained as-cast s t r u c t u r e .  

a c i c u l a r  as-cast s t r u c t u r e .  

cast s t r u c t u r e  containing f i n e  gamma prime. 

p r e c i p i t a t e  i n  as-cast s t r u c t u r e .  

Hoskins 875 (8) ........... Apparently sound weld e a s i l y  obtained,  w i th  f i n e  

RA 333 

Hastel loy X (10) .......,.. Apparently sound weld e a s i l y  obtained,  w i th  a f i n e  

(9) ................ Apparently sound weld e a s i l y  obtained,  w i th  f i n e  

Udimet 500 (11) ........... Apparently sound weld e a s i l y  obtained, with as- 

Haynes 25 (12) ............ Apparently sound weld e a s i l y  obtained,  with f i n e  

E lec t ron  beam welding schedule range w a s  30 IPM, 3 m a ,  100-130 KV, and 
0.025-0.040 c i r c u l a r  beam d e f l e c t i o n  f o r  a l l  specimen j o i n t s .  
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6 CONCLUSIONS 

Alloy s p e c i f i c a t i o n  f o r  t r a n s p i r a t i o n  cool ing  material r e q u i r e s  s e l e c t i o n  
of an  optimum engineer ing compromise of p r o p e r t i e s  which inc lude  ox ida t ion  
resistance, s t r e n g t h  and d u c t i l i t y  r e t e n t i o n ,  and manufacturing f e a s i b i l i t y .  
Oxidation and s p a l l i n g  r e s i s t a n c e  i s  of paramount importance. The maximum 
opera t ing  temperature  and s e r v i c e  l i f e  of a f ine-wire  t r a n s p i r a t i o n  cool ing 
material are l a r g e l y  determined by t h e  rate of ox ida t ion  a t t a c k  and penetra- 
t i on .  
shee t  m e t a l .  
n e g l i g i b l e  f o r  a s h e e t  specimen, i s  s u b s t a n t i a l  f o r  a t y p i c a l  0.005 inch  round 
w i r e  and r e s u l t s  i n  a 23 percent  reduct ion  of c r o s s  s e c t i o n a l  area and s t r eng th .  
Moreover, some a l l o y s  conta in ing  s m a l l  amounts of ox ida t ion  i n h i b i t i n g  con- 
s t i t u e n t s  may be expected t o  e x h i b i t  higher  ox ida t ion  rates as f i n e  w i r e s  
because of d i f f u s i o n  geometry. Therefore ,  ox ida t ion  d a t a  f o r  shee t  m e t a l  
specimens given i n  t h i s  r e p o r t  should be p r imar i ly  used f o r  a l l o y  comparison 
purposes.  

Alloy N 155 w a s  chosen as t h e  base- l ine f o r  comparing o t h e r  a l l o y s  because 
of i t s  previous use  i n  many types of t r a n s p i r a t i o n  cool ing materials which have 
been t e s t e d  i n  a v a r i e t y  of app l i ca t ions .  The maximum s e r v i c e  temperature 
l i m i t  f o r  N 155 i s  near  1600'F. 
N 155 by ex t r apo la t ing  oxida t ion  test  d a t a  t o  estimate t h e  temperature a t  which 
t h e i r  ox ida t ion  r e s i s t a n c e  i s  equal  t o  N 155 a t  1600'F. These ex t r apo la t ions  
were made f o r  each a l l o y  t e s t e d  t o  estimate equiva len t  temperatures f o r  t o t a l  
ox ida t ion  weight ga in ,  s p a l l e d  oxide weight,  and ox ida t ion  pene t r a t ion  depth. 
Data from t h e  average curves shown i n  Appendixes 2 and 4 a t  600 hours exposure 
t i m e  w e r e  p l o t t e d  a g a i n s t  r e c i p r o c a l  abso lu t e  temperature.  These Arrhenius 
p l o t s ,  shown i n  Figures  6-1 t o  6-3, i n d i c a t e  comparative ox ida t ion  k i n e t i c s  
and provide a b a s i s  f o r  temperature ex t r apo la t ion .  The ex t r apo la t ion  r e s u l t s  
summarized i n  Table 6-1 are based on N 155 a t  1600'F and 600 hours f o r  which 
t o t a l  weight gain w a s  2.4 mg/in2, s p a l l  weight w a s  5.0 mg/in2, and oxida t ion  
pene t r a t ion  w a s  0.0003 inch.  Equivalent temperatures t o  produce t h e  same 
oxida t ion  e f f e c t s  a t  600 hours are l i s t e d  f o r  each a l loy .  

formance. The d a t a  p l o t s  summarized i n  Figures  6-1 t o  6-3 showed t h a t  t h e  
e f f e c t  of temperature  on ox ida t ion  rate could be reasonably approximated by 
e i t h e r  a s t r a i g h t  l i n e  o r  a upward-concave smooth curve having one r e l a t i v e l y  
s t r a i g h t  segment. Data f i t t i n g  t h e  former model i n d i c a t e  a s imple exponent ia l  
temperature-rate  r e l a t i o n s h i p  while  curved p l o t s  imply a temperature dependent 
change i n  oxida t ion  a c t i v a t i o n  energy. Weight ga in ,  s p a l l  weight,  and oxida- 
t i o n  pene t r a t ion  are a l l  r e l a t e d  t o  oxida t ion  rate but  each c h a r a c t e r i s t i c  is 
modified by p a r t i c u l a r  a l l o y  p r o p e r t i e s .  The more oxida t ion  r e s i s t a n t  a l l o y s  
(when compared t o  base- l ine N 155 a t  1600OF) have h igher  equiva len t  tempera- 
t u r e s  but d i f f e r e n t  temperatures f o r  each oxida t ion  c h a r a c t e r i s t i c .  Moreover, 
equiva len t  temperature ranking of t h e  a l l o y s  may change somewhat i f  d i f f e r e n t  
comparison temperatures ,  t i m e s ,  o r  a l l o y s  are chosen, but  t h e  genera l  sense  
of comparison remains cons tan t .  

Fine w i r e s  are more s u s c e p t i b l e  t o  damage by oxida t ion  than  t h i c k e r  
Uniform oxide pene t r a t ion  of only 0.0003 inch,  which may be  

Other a l l o y s  may be compared wi th  base- l ine  

These ex t r apo la t ions  provide a numerical  b a s i s  f o r  comparing a l l o y  per- 

I 
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TABLE 6-1 
COMPARISON OF EXTRAPOLATED ALLOY PROPERTIES 

A l l o y  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
1 2 .  

N 155 (base- l ine)  . 
TD n i c k e l  . . . . .  
TD nickel-chromium 
Bendel 65-35 . . .  
Chrome1 A . . . . .  
DH242 . . . . . .  
GE 1541 . . . . . .  
Hoskins 875 . . . 
RA333 . . . . . .  
Haste l loy  X . . . .  
Udimet 500 . . . .  
Haynes 25 . . . . .  

Equivalent Performance Temperature, OF 

Gain Weight Pene t r a t ion  
Weight Spa11 Oxidat i on  

1600 
1310 
1790 
1630 
1670 
1650 
1720 
1 7  70 
1460 
15 10 
1420 
1520 

1600 
1460 
2240 
1560 
1640 
1650 
2180 
2130 
1610 
1820 
1680 
1790 

1600 
13  70 
2070 
1480 
1590 
1620 
2020 
1860 
1560 
1640 
1650 
1670 

TD nickel-chromium (3) i s  c o n s i s t e n t l y  among t h e  b e s t  a l l o y s  t e s t e d  f o r  
t o t a l  ox ida t ion  r e s i s t a n c e ,  least s p a l l i n g ,  and minimum penet ra t ion .  This 
s u p e r i o r i t y  i s  e s p e c i a l l y  pronounced a t  t h e  longer  exposure t i m e s  and h igher  
temperatures which are of i n t e r e s t  f o r  f u r t h e r  t r a n s p i r a t i o n  cool ing develop- 
ment. 
r e t e n t i o n  i s  e x c e l l e n t .  
r ega rd le s s  of exposure t i m e  o r  temperature.  
marginal. 
agglomerated i n  t h e  weld zone. This l a c k  of d i spe r s ion  may r e s u l t  i n  lowered 
high temperature s t r e n g t h ,  bu t  t h e  r e s u l t a n t  s o l i d  weld may s t i l l  be s t r o n g e r  
than t h e  porous t r a n s p i r a t i o n  cool ing material. Wire drawing is d i f f i c u l t  because 
of t h e  t h o r i a  d i spe r s ion  and t y p i c a l  i nc lus ions  o r  voids  i n  t h e  "break-down" 
rod s tock .  
t i v e l y  s t ra ight-forward.  TD nickel-chromium o f f e r s  e x c e l l e n t  p o t e n t i a l  f o r  
f u r t h e r  development. 

DH 242 (6) is a simple so l id - so lu t ion  nickel-chromium a l l o y  wi th  added 
columbium t o  improve d u c t i l i t y  r e t e n t i o n .  Oxidation and s p a l l  r e s i s t a n c e  is 
surpassed only by TD nickel-chromium and t h e  iron-chromium-aluminum a l l o y s .  
Mechanical p r o p e r t i e s ,  e s p e c i a l l y  e longat ion ,  are re t a ined  a f t e r  h e a t  exposure 
wi th  l i t t l e  degradat ion,  although i n i t i a l  s t r e n g t h  is  comparatively low. 
Elec t ron  beam welded j o i n t s  are sound and e a s i l y  made.' DH 242 i s  e a s i l y  and 
inexpensively drawn i n t o  w i r e .  T ransp i r a t ion  cool ing materials have a l ready  
been manufactured from t h i s  a l l o y  on a product ion b a s i s ,  and components, such 
as t u r b i n e  b lades  and shroud l i n e r s ,  have been f a b r i c a t e d  by e l e c t r o n  beam 
welding. 

t h e  convent ional  supe ra l loys ,  p a r t i c u l a r l y  a t  t h e  h igher  temperatures.  S t rength  
is f a i r l y  high compared t o  t h e  s impler  nickel-chromium a l l o y s  an'd d u c t i l i t y  
r e t e n t i o n  i s  good except a t  t h e  lowest temperatures of 1400 and 1600'F where 
over-aging apparent ly  occurs .  E lec t ron  beam w e l d a b i l i t y  i s  good. Has te l loy  X 
can be drawn i n t o  f i n e  w i r e  a t  moderate c o s t  and can be  made i n t o  u s e f u l  

I n i t i a l  s t r e n g t h  a t  room temperature  is  f a i r l y  high and d u c t i l i t y  
Elongation i s  nea r ly  cons tan t  a t  about 20 percent  

A good mechanical j o i n t  can be made but  t h e  d ispersed  t h o r i a  i s  
Elec t ron  beam we ldab i l i t y  is  

Otherwise, manufacturing and f a b r i c a t i o n  are expected t o  be rela- 

DH 242 should cont inue t o  be u s e f u l  i n  t h e s e  app l i ca t ions .  

Has te l loy  X (10) proved t o  be  t h e  most ox ida t ion  and s p a l l  r e s i s t a n t  of 
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porous w i r e  s t r u c t u r e s .  
c o n t r o l  t o  avoid a l l o y  segregat ion.  
a v a r i e t y  of t r a n s p i r a t i o n  cooled components, and is  probably more u s e f u l  i n  
comparatively coarse  o r  thick-sect ion cons t ruc t ions  which r e q u i r e  high s t r e n g t h  
r a t h e r  than ox ida t ion  r e s i s t a n c e .  

GE 1541 (7) w a s  n o t  t e s t e d  a t  2100 and 2200'F because similar a l l o y  
Hoskins 875 (8) appeared t o  have g r e a t e r  ox ida t ion  r e s i s t a n c e  a t  2000'F. 
Subsequent t e n s i l e  t e s t i n g  and metal lographic  examination showed t h a t  a l l o y  7 
o f f e red  a b e t t e r  balance of  ox ida t ion  r e s i s t a n c e  and mechanical p r o p e r t i e s  
than a l l o y  8. 
a l l o y  8 became comparatively b r i t t l e .  
chromium i n  combined ox ida t ion  r e s i s t a n c e  and s t a b i l i t y  of mechanical p r o p e r t i e s  
a f t e r  heat ing.  Electron beam w e l d a b i l i t y  appears t o  be  good. Manufacturing 
f e a s i b i l i t y  is complicated because GE 1541 i s  n o t  y e t  widely a v a i l a b l e ,  e s p e c i a l l y  
i n  w i r e  form, and p resen t  s i n t e r i n g  p r a c t i c e s  cannot be  employed. The necessary 
aluminum and y t t r i u m  content  of a l l o y  7 r e q u i r e s  s p e c i a l  s u r f a c e  cleaning pro- 
cedures and vacuum s i n t e r i n g  o r  g e t t e r i n g  techniques i n s t e a d  of usual  dry- 
hydrogen atmosphere s i n t e r i n g .  I n  s p i t e  of t h e s e  problems, GE 1541 o f f e r s  
e x c e l l e n t  p o t e n t i a l  f o r  f u r t h e r  development as a t r a n s p i r a t i o n  cooling material 
a l l o y  e 

Other a l l o y s  which w e r e  t e s t e d  were considered t o  be  less s u i t a b l e  f o r  
t r a n s p i r a t i o n  cool ing materials. Hoskins 875 (8) has e x c e l l e n t  ox ida t ion  
r e s i s t a n c e  but  comparative d u c t i l i t y  r e t e n t i o n  is  low. Bendel 65-35 (4) and 
Chrome1 A (5) had good ox ida t ion  r e s i s t a n c e  bu t  w e r e  gene ra l ly  surpassed by 
t h e  s imilar  a l l o y s  TD nickel-chromium and DH 242. Udimet 500 (11) and Haynes 25 
(12) had f a i r  ox ida t ion  r e s i s t a n c e .  However, t h e  former is  d i f f i c u l t  t o  s i n t e r  
because of i t s  aluminum and t i t an ium content and t h e  l a t t e r  is  surpassed by 
Hastel loy X i n  t h e s e  tests. 
w e r e  least  ox ida t ion  r e s i s t a n t  i n  t h e  o rde r  given. 

t h i s  r e p o r t  are summarized. 

S i n t e r i n g  i s  not  d i f f i c u l t  but r equ i r e s  good temperAture 
Hastel loy X has been used t o  manufacture 

Alloy 7 r e t a i n e d  good d u c t i l i t y  and s t r e n g t h  up t o  2000'F while  
Alloy 7 is  exceeded only by TD nickel-  

Alloys TD n i c k e l  42) N 155 (1) , and RA 333 (9)  

Based on t h e s e  s h e e t  specimen screening tests, the  major conclusions of 

1. 

2. 

3 .  

4. 

5. 

6.  

TD nickel-chromium, DH 242 nickel-chromium, and Hastel loy X a l l o y s  
w e r e  chosen f o r  f u r t h e r  t e s t i n g  as 0.005 inch diameter w i r e s .  

GE 1541 a l l o y ,  i n  r e t r o s p e c t ,  should have been chosen f o r  t e s t i n g  a t  
2100 and 2200'F and f u r t h e r  t e s t i n g  i n  w i r e  form. 

TD nickel-chromium a l l o y  w a s  t h e  most ox ida t ion  r e s i s t a n t  and mechan- 
i c a l l y  s t a b l e  a l l o y  t e s t e d .  I n  s p i t e  of marginal e l e c t r o n  beam 
we ldab i l i t y ,  f u r t h e r  i n v e s t i g a t i o n  and development i s  recommended. 

DH 242 nickel-chromium a l l o y  had very good ox ida t ion  r e s i s t a n c e ,  
d u c t i l i t y  r e t e n t i o n ,  and e l e c t r o n  beam we ldab i l i t y  which support  
i t s  continued use i n  t r a n s p i r a t i o n  cooling materials. 

Hastel loy X a l l o y  w a s  most ox ida t ion  r e s i s t a n t  of t h e  conventional 
supe ra l loys  t e s t e d ,  and demonstrated good s t r e n g t h ,  d u c t i l i t y  reten- 
t i o n ,  and w e l d a b i l i t y  . 
GE 1541 a l l o y  had e x c e l l e n t  ox ida t ion  r e s i s t a n c e ,  d u c t i l i t y  r e t e n t i o n  
and we ldab i l i t y .  I n  s p i t e  of probable s i n t e r i n g  d i f f i c u l t y ,  f u r t h e r  
i n v e s t i g a t i o n  and development i s  recommended. 
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4% 

TABLE 4-1 METALLOGRAPHIC ETCHANT SCHEDULE. 

I ALLOY 1 ETCHANT 

1 
N 155 

2% Chromic ac id  - 4 m l  
Hydrochloric ac id  - 96 m l  

2 F e r r i c  ch lor ide  - 5 gm 
TD n icke l  Hydrochloric ac id  - 50 m l  

Water - 100 m l  
3 I 10% Oxalic ac id  I TD chromium 

4 
Bendel 65-35 

5 
Chrome1 A 

Hydrochloric ac id  - 1 par t  
Glycerol - 1 p a r t  

Hydrochloric ac id  - 1 p a r t  
Glycerol - 1 p a r t  

ALTERNATE ETCHANT 
2% Chromic ac id  - 4 ml 
Hydrochloric ac id  - 96 m l  

10% Oxalic ac id  DH 242 

10% Oxalic ac id  I ~ ~ ' 1 5 4 1  I 
10% Oxalic ac id  8 

Hoskins 875 

9 .  
RA 333 10% Oxalic ac id  

10 
Hastelloy X 

11 
Udimet 500 

12 
Haynes 25 

22 

F e r r i c  ch lor ide  - 5 gm 
Hydrochloric ac id  - 50 m l  
Water - 100 m l  

ALTERNATE ETCHANT 
10% Oxalic ac id  

Fe r r i c  ch lor ide  - 5 gm 
Hydrochloric ac id  - 50 m l  
Water - 100 m l  

ALTERNATE ETCHANT 
10% Oxalic ac id  

2% Chromic ac id  - 4 m l  
Hydrochloric ac id  - 96 m l  

PROCEDURE 

Let so lu t ion  set f o r  one-half hour o r  
u n t i l  so lu t ion  l ightens.  Using a carbon 
cathode e l e c t r o l y t i c  e tch  with 5 v o l t s  
u n t i l  a blue s t a i n  appears. 
cur ren t  off and s w i r l  t h e  sample i n  t h e  
e tchant  u n t i l  t h e  b lue  s t a i n  is removed. 

Turn the  

Swab. 
~ 

Elec t ro ly t i c :  5 v o l t s ,  3-10 seconds. 

Swab wi th  so lu t ion ;  use hea t  lamp t o  hea t  
specimen t o  start etching reac t ion .  

Same as  Alloy 4 (Bendel 65-35). 

Same as Alloy 1 (N 155). 

E lec t ro ly t i c :  5 v o l t s ,  5-25 seconds. 

E lec t ro ly t i c :  5 v o l t s ,  15-60 seconds. 

E lec t ro ly t i c :  5 v o l t s ,  20-60 seconds. 

E lec t ro ly t i c :  5 v o l t s ,  3-10 seconds. 

Swab. 

E l e c t r o l y t i c :  5 v o l t s ,  2-5 seconds. 

Swab. 

E lec t ro ly t i c :  5 v o l t s ,  2-6 seconds. 

Same as Alloy 1 (N 155,). 
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SPECIMEN AND EQUIPMENT SCHEMATICS 
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Figure 4.1 Specimen and test schematic. 
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APPENDIX 1 
NUMERICAL DATA TABULATION 

CONTENTS 

ALLOY TABLE PAGE 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 

10. 
11. 
12 * 

N 1 5 5 . .  . . . . . . . . .  
TD n i c k e l . .  . . . . . . . .  
TD nickel-chromium. . . . .  
Bendel 65-35. . . . . . . .  
Chrome1 A . . . . . . . . .  
DH242. e e . .  e s e e .  e 

G E 1 5 4 1 .  . . . . . . . . .  
Hoskins 875 . . . . . . . .  
RA333. . . . . . . . . . .  
Hastel loy X . . . . . . . .  
Udimet 500. . . . . . . . .  
Haynes 25 . . . . . . . . .  

.Al -1  . 

.A1-2 . 

.A1-3 

.A1-4 

.A1-5 . 

.A1-6 . 

.A1-7 

.A1-8 . 

.A1-9 . . AI- 10. 
* A l - l l .  
.A1-12 e 

. . . . . . . . . . . . . . . .  44 . . . . . . . . . . . . . . . .  46 . . . . . . . . . . . . . . . .  48 . . . . . . . . . . . . . . . .  50  . . . . . . . . . . . . . . . .  52 . . . . . . . . . . . . . . . .  54  . . . . . . . . . . . . . . . .  56 . . . . . . . . . . . . . . . .  58 . . . . . . . . . . . . . . . .  60 . . . . . . . . . . . . . . . .  62 . . . . . . . . . . . . . . . .  64 . . . . . . . . . . . . . . . .  66 

Reduced numerical  d a t a  i s  given f o r  each a l l o y  t e s t e d  according t o  t h e  
following legend : 

A Exposure T i m e  A l l  t i m e s  are t o t a l  hours a t  t h e  s p e c i f i e d  temperature. 
(hours) Samples w e r e  allowed t o  a i r  coo l  t o  room temperature 

between cycles .  

B S p e c i f i c  t o t a l  The specimen w a s  weighed be fo re  and a f t e r  exposure. 
weight ga in  
d i r e c t  - method 
(mg / i n 2  ) 

The d i f f e r e n c e  p l u s  t h e  s p a l l  divided by o r i g i n a l  sample 
area w a s  designated s p e c i f i c  t o t a l  weight ga in  - d i r e c t  
method. 
s p a l l  w a s  s m a l l ,  t h e  d i r e c t  method w a s  more p r e d i c t a b l e  
than t h e  i n d i r e c t  method. 

A t  low temperatures o r  where t h e  amount of 

C S p e c i f i c  t o t a l  The ceramic thimble and t h e  specimen w e r e  weighed to- 
weight g a i n  g e t h e r  be fo re  and after exposure. The d i f f e r e n c e  divided 
i n d i r e c t  method by o r i g i n a l  sample area w a s  designated s p e c i f i c  t o t a l  
(mg / i n 2  ) weight ga in  - i n d i r e c t  method. 

where t h e  amount of s p a l l w a s  l a r g e ,  t h e  i n d i r e c t  method 
was more p r e d i c t a b l e  than t h e  , d i r e c t  method. 

A t  h igh  temperatures o r  

D S p e c i f i c  s p a l l  The m e t a l  oxide t h a t  w a s  c o l l e c t e d  i n  t h e  ceramic thimble 
divided by o r i g i n a l  sample area w a s  designated s p e c i f i c  
s p a l l  weight. 

weight (mg / in2 )  

E Thickness change, Based on t h e  average of t h r e e  (3) measurements with hand 
( inches)  micrometer. Both ends and t h e  c e n t e r  were measured. 
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P 

F Average oxide 
th i ckness ,  
(10-3 inches) 

Uniform oxide l a y e r  plus  depth of average i n t e r g r a n u l a r  
oxide measured from metal lographic  sec t ions .  

G Maximum depth 
of p e n e t r a t i o n  
(10-3 inches) 

Maximum depth of oxide p e n e t r a t i o n  measured from metal- 
lographic  s e c t i o n s .  

Determined using 0.2% o f f s e t .  
ments a f t e r  exposure. 

Area based on measure- Yield s t r e n g t h  
( p s i )  

U l t i m a t e  s t r e n g t h  
( p s i )  

Area based on measurements a f t e r  exposure. 

Elongation 
(percent  ) 

Measured on one (1) inch gage length layout .  

Metal s t r i p  
( co lo r )  

B : Black 
B 1  : Blue 
B r  : Brown 
G : Gray 

G r  : Green 
P : Purple  
I C  : I n t e r f e r e n c e  Color 
L : Light  

S : Smooth-metallic L : Laminated 
P : Powdery M : Melt- l ike b l i s t e r s  
F : Flaky P t  : P i t t e d  

Metal s t r i p  
( t e x t u r e )  

Metal s t r i p  
(magnetic 
p r o p e r t i e s )  

ND : Not Detectable  
W : Weak 
S : Strong 

To ta l  weight (not  s p e c i f i c  weight).  S p a l l  
(weight) 

ND : Not d e t e c t a b l e  4 : 0.1 - 1.0 
1 : <0.001 grams 5 : 1.0 - 10 
2 : 0.001 - 0.01 6 : >10.0 
3 : 0.01 - 0.1  

Same as K "Metal s t r i p  (color)" .  0 

P 

S p a l l  
( co lo r )  

P : Powder M : Medium 1/32 - 1/8 
S : Small <1/32 i n .  L : Large >1/8 

d i ame t er 

S p a l l  ( p a r t i c l e  
s i z e )  

S p a l l  (magnetic 
p r o p e r t i e s )  

ND : Not Detectable  
W : Weak 
S : Strong 

Q 
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APPENDIX 2 
ALLOY OXIDATION PLOTS 

CONTENTS 

SPECIFIC TOTAL OXIDATION WEIGHT GAIW 

ALLOY FIGURE PAGE 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 

10 . 
11 . 
12 

N155  . . . . . . . . . . . . .  . A 2  -1 . . . . . . . . . . . . . . .  70 
TD n i c k e l  . . . . . . . . . . . .  A2-2 . . . . . . . . . . . . . . .  7 1  
TD nickel-chromium . . . . . .  A2-3 . . . . . . . . . . . . . . .  72 
Bendel 65-35 . . . . . . . . . .  A2-4 . . . . . . . . . . . . . . .  73 
Chromel A . . . . . . . . . . .  A2-5 . . . . . . . . . . . . . . .  74 
DH242e  . . . . . . . . . .  . A 2  -6 . . . . . . . . . . . . . . .  75 
GI31541 . * * A 2 - 7  76 
Hoskins 875 . . . . . . . . . . .  A2-8 . . . . . . . . . . . . . . .  77 
U 3 3 3  . . . .  / . . . . . .  . A 2  -9 . . . . . . . . . . . . . . .  78 
Hastel loy X . .  (. . . . . . . .  A2-10 . . . . . . . . . . . . . . .  79 
Udimet 500 . . . . . . . . . .  A2-11 . . . . . . . . . . . . . . . .  80 
Haynes 25 . . . . . . . . . . .  A2-12 . . . . . . . . . . . . . . .  81 

SPECIFIC OXIDE SPALL WEIGHT 

ALLOY FIGURE PAGE 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 

10 . 
11 . 
12 . 

N155  . . . m A2.13 * e . 82 
TD n i c k e l  . . . . . . . . . . .  A2-14 . . . . . . . . . . . . . . .  83 
TD nickel-chromium . . . . . .  A2-15 . . . . . . . . . . . . . . .  84 
Bendel 65-35 . . . . . . . . .  A2-16 . . . . . . . . . . . . . . .  85 
Chromel A . . . .  (. . . . . . .  A2-17 . . . . . . . . . . . . . . .  86 
DH242 . . . . . . . . . . .  .A2-18 . . . . . . . . . . . . . . .  87 
GE1541 . . . . . . . . . . .  . A 2  -19 . . . . . . . . . . . . . . .  88 
Hoskins 875 . . . . . . . . . . .  A2-20 . . . . . . . . . . . . . . .  89 
RA333 . . . . . . . . . . . . .  A2-21 . . . . . . . . . . . . . . .  90 
Hastel loy X . . . . . . . . . .  A2-22 . . . . . . . . . . . . . . .  9 1  
Udimet 500 . . . . . . . . . .  A2-23 . . . . . . . . . . . . . . .  92 
Haynes 25 . . . . . . . . . . .  A2-24 . . . . . . . . . . . . . . .  9 3  

Spec i f i c  t o t a l  ox ida t ion  weight gain and s p e c i f i c  oxide spa11 weight are 
p l o t t e d  f o r  each a l l o y  as a func t ion  of exposure t i m e  with temperature as a 
parameter . Power func t ion  p l o t s  on a log-log g r i d  w e r e  l i n e a r  f o r  most da t a  . 
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Figure A2-20 Specif ic  oxide spa11 weight: Alloy 8,  Hoskins 875. 
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Figure A2-21 Specific oxide spa11 weight: Alloy 9, RA 333. 
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Figure A2-22 Specific oxide spa11 weight: Alloy 10, Hastelloy X. 
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Figure  A2-23 S p e c i f i c  o x i d e  spa11  weight: Alloy 11, Udimet 500. 
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APPENDIX 3 
METALLOGRAPHIC EXAMINATION 

CONTENTS 

ALLOY FIGURE PAGE 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

N 155. . . . . . . . . . . . .  
TD n i c k e l .  . . . . . . . . . .  
TD nickel-chromium . . . . . .  
Bendel 65-35 . . . . . . . . .  
Chrome1 A. . . . . . . . . . .  
DH 242 . . . . . . . . . . . .  
GE1541. . . . . . . . . . . .  
Hoskins 875. . . . . . . . . .  
RA 333 . . . . . . . . . . . .  
Hastel loy X. . . . . . . . . .  
Udimet 500 . . . . . . . . . .  
Haynes 25. . . . . . . . . . .  

A3-1 . . . . . . . . . . . . . . .  96 
A3-2 . . . . . . . . . . . . . . .  9 8  
A3-3 . . . . . . . . . . . . . . .  100 
A3-4 . . . . . . . . . . . . . . .  102 
A3-5 . . . . . . . . . . . . . . . .  104 
A3-6 . . . . . . . . . . . . . . .  106 
A3-7 . . . . . . . . . . . . . . .  108 
A3-8 . . . . . . . . . . . . . . .  110 
A3-9 . . . . . . . . . . . . . . .  112 
A3-10 . . . . . . . . . . . . . . .  114 
A3-11 . . . . . . . . . . . . . . .  116 
A3-12 . . . . . . . . . . . . . . .  118 

Se lec t ed  photomicrographs*and photomacrographs f o r  each a l l o y  are repro- 
duced with explanatory cap t ions  t o  demonstrate: 

1. As-received mic ros t ruc tu re  
2. S i n t e r e d  mic ros t ruc tu re  
3. E lec t ron  beam weld zone s t r u c t u r e  
4. Surf ace oxide appearance** 
5. Oxide thickness  and p e n e t r a t i o n  
6. Oxidized mic ros t ruc tu re  

* 
A l l  photographs are reproduced a t  t h e  magnif icat ions ind ica t ed .  

Photographs of s u r f a c e  oxides  are shown f o r  1800°F exposure only (except 
2200°F f o r  Alloy 3 ) .  
i n  t h e  cap t ions ,  but  no t  shown. 

** 
Surface appearance a t  o t h e r  temperatures i s  descr ibed 
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(1) As  received: gamma s o l i d  s o l u t i o n  (2) Sintered:  g r a i n  growth w i t h  en- 
w i th  a few small i n t e rg ranu la r .  
carbides .  5 0 0 X  carbides .  5 0 0 X  

l a r g e d  i n t e r g r a n u l a r  m e t a l  

(3) E lec t ron  beam weld: sound, no (4) Surface oxides:  1400°F, supe r f i -  
voids, very fine-grained cast cia1 oxides;  1600°F, roughened 
s t r u c t u r e .  5 0 X  a f t e r  100 hours;  1800°F, some 

s p a l l ;  2000°F, considerable  
a t t a c k .  1 . 5 X  

Figure A3-1 A l l o y  1, N 1 5 5  
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0.0001 inch adherent 

0.0002 inch adherent 

0.0025 inch penetration and 
spa1 1 ing 

0.005 inch spalling 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

fine precipitate plus residual 
carbides 

heavier precipitate, twinning 

grain boundary carbides, fine 
precipitate 

Figure A3-1 

a few large carbides, some fine 
precipitate 

(6) Internal structure at 600 
hours exposure, etched. 500X 

Alloy 1, N155 
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(1) As received:  f i n e  unresolved d is -  (2) S in te red :  l i t t l e  change, fewer 
pers ion  wi th  random agglomerates 
and unimpregnated elongated g ra ins .  due t o  chance. 500X 
500X 

agglomerates v i s i b l e ,  probably 

(3) Elec t ron  beam weld: p a r t i a l  ag- (4) Surface oxides:  1400°F, 1600°F, 

s i d e r a b l e  s p a l l  a f t e r  200 hours; 
2000°F, s p a l l  a f t e r  f o u r  hours. 1 . 5 X  

glomeration of d i spe r s ion .  50X adherent ,  p r o t e c t i v e ;  1800°F, con- 

Figure A3-2 Alloy TD Nickel 
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0.0003 inch 

0.0011 inch, note varying 
t hi c knes s 

1 .  

0.0045 inch, adherent only at a 
corner 

0.011 inch, adherent only at a 
corner 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

1400'F 

no change 

' .  . ~ , ..;.. 

1600'F 

no change 

no change 

some apparent grain coarsening 
and agglomeration 

(6) Internal structure at 600 hours 
exposure, etched. 500X 

Figure A3-2 Alloy TD Nickel 
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(1) As-received: f i n e  resolved 
p r e c i p i t a t e  wi th  p r o b a b i l i t y  of 
added unresolved p r e c i p i t a t e .  
500X 

(3) Elec t ron  beam weld: some 
agglomeration of d i spe r s ion ,  
some poros i ty ;  n o t e  second 
broad shallow "cosmetic" pass  
t o  seal poros i ty ,  f i n e  g r a i n  
weld. 50X 

(2) S in te red :  l i t t l e  change. 500X 

(4) Surface oxides:  1400°F, 1800°F, 
2000°F, 210OoF, adherent ;  22OO0F, 
no heavy scale. 1 .5X 

Figure A3-3 Alloy TD Nickel-Chromium 
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0.00005 inch  no change observed a t  500X 

0.0001 inch  no change observed a t  500X 

about 0.0002 inch  
some sca l ing  observed 

l i t t l e  change 

0.0003 inch  p lus  subsurface some agglomeration, no g r a i n  
oxida t  ion  growth 

(5) Oxide th ickness  a t  600 hours ( 6 )  I n t e r n a l  s t r u c t u r e  a t  600 hours 
exposure, unetched. 300X exposure, etched. 500X 

Figure A3-3 Alloy TD Nickel-Chromium 
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(1) As-received: f i n e  g ra in  extru- 
s ion  with t h r e e  percent  sp ine l .  
500X 

(2) Sintered:  some g ra in  growth, 
much of s p i n e l  pu l led  out  o r  
etched out  i n  sample prepara- 
t i on .  500X 

(3) Electron beam weld: sound weld 
with low poros i ty ,  s p i n e l  
expelled from weld zone. 50X 

(4) Surface oxides: 1400°F, samples 
not  ava i l ab le  i n  t i m e  f o r  test; 
1600°F, adherent;  1800°F, 
2000°F, roughened, adherent;  
2100°F, 2200°F, roughened, 
adherent,  specimen grew. 1.5X 

Figure A3-4 Alloy Bendel 65-35 
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1400'F 

A second lot of material was prepared for 2000OF tests. Extrusion direction 
of 1800 and 2000'F specimens is into photo; for 1600'F specimen it is across 
photo 

not tested 

0.0002 inch 

0.0003 inch, 0.0012 inch 
penetration 

0.0003 inch, 0.004 inch 
penetration 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

Figure A3-4 

not tested 

no change 

no change 

no change, larger particles of 
spinel 

(6) Internal structure at 600 hours 
exposure, etched. 500X 

Alloy Bendel 65-35 
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(1) As-received: medium g r a i n  s i z e ;  (2) S in te red :  g r a i n s  q u i t e  l a r g e ,  
probably some f i n e  carb ides  i n  some i n t e r g r a n u l a r  non-metallics. 

5 OOX matrix.  500X 

(3) Elec t ron  beam weld: sound weld, (4) Surface oxides:  1400°F, t h i n ,  
medium t o  f i n e  gra in .  500X adherent ;  1600°F, roughening 

a f t e r  100 hours;  1800°F, 2000°F, 
roughened appearance a f t e r  16  
hours. 1 . 5 X  

Figure A3-5 Alloy Chrome1 A 
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0.00005 inch 

about 0.0001 inch 

0.004 inch intergranular penetration 

0.006 inch penetration, some sub- 
surface oxidation; original surface 
roughness about 0.0002 inch deep. 
(5) Oxide thickness at 600 hours 

exposure, unetched. 300X 

1400'F 

carbide precipitation in grain 
boundary 

1600'F 

more pronounced grain boundary 
precipitate 

?.__, "C. . . ' . .  . .  ! I .  

, .  . 

no boundary precipitate, unchanged 
from sintered material 

2000'F 

. 

unchanged from sintered material 

(6) Internal structure at 600 hours 
exposure, etched. 500X 

Figure A3-5 Alloy Chrome1 A 
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(1) As-received; medium g r a i n  s i z e  
wi th  non-metall ic i nc lus ions ,  
500X 

(2) S in te red :  some g r a i n  growth. 
500X 

(3)  Elec t ron  beam weld: very  f i n e  
as-cast s t r u c t u r e .  50X 

Figure A3-6 

(4) Surface 
her  e n t  5 
18OO0F, 
2000°F, 
2100°F, 
2200°F, 

Alloy DH242 

oxides:  1400°F, t h i n  ad- 
1600°F, heavier ,  adherent ;  
coarsens after 300 hours; 
coarsens a f t e r  64 hours;  
f l ak ing  a f t e r  1 6  hours; 
s eve re  erosion.  1.5X 
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0.0002 inch 

0.0004 inch, 0.0025 inch penetration 

0.0005 inch, 0.006 inch penetration 

0.0005 inch, 0.006 inch penetration 
plus subsurface oxides 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

grain boundary carbide precipitate 

1800'F 

grain boundary carbide precipitate 

grain boundary carbide precipitate, 
little change from as-sintered 

grain boundary carbide precipitate, 
little change from as sintered 

( 6 )  Internal structure at 600 hours 
exposure, etched. 500X 

Figure A3-6 Alloy DH242 
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(1) As-received: mat r ix  wi th  i n t e r -  (2) S in te red :  some g r a i n  growth, 
metallic second phase. 500X somewhat lesser amount of sec- 

ond phase. 500X 

(3) Elec t ron  beam weld: sound, f i n e  (4) Surf ace oxides  : 1400°F, 1600°F , 
grained weld. 50X t h i n  adherent ;  1800°F, heavier ,  

adherent ;  2000°F, coarsening a t  
500 hours. 1.5X 

Figure A3-7 Alloy GE 1541 
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1400'F 

<0.0001 inch unchanged from sintered condition 

about 0.0001 inch unchanged from sintered condition 

1800'F 

0.00015 inch plus 0.0045 inch 
penetration 

unchanged from sintered condition 

b 
I 2000'F 

\ 
T 

0.0003 inch plus 0.0045 penetration some grain boundary precipitate 

(5) Oxide thickness at 600 hours (6) Internal structure at 600 hours 
exposure, unetched. 300X exposure, etched. 500X 

Figure A3-7 Alloy GE 1541 
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(1) As-received: fine grain with some 
inclusions. 500X 

(2) Sintered: large grains, small 
amount of second phase. 500X 

(3) Electron beam weld: very fine 
grain weld zone, some lack of 
fusion at bottom of weld. 50X 

(4) Surface oxides: 1400°F, 1600°F, 
1800°F, 2000°F, thin, adherent; 
2100°F, slight coarsening; 
22OO0F, little change. 1.5X 

Figure A3-8 Alloy Hoskins 875 
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1600'F 

0.0003 inch no change from sintered sample 

1800'F 
t 

0.0002 inch some grain boundary precipita-  
t ion 

0.00015 inch some second phase growth 

2100'F 

0.0007 inch plus 0.005 inch 
penetration 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

more grain boundary 
precipitate 

(6)  Internal structure a t  600 hours 
exposure, etched. 500X 

Figure A3-8 Alloy Hoskins 875 
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(1) As-received: medium g r a i n  wi th  
i n t e r g r a n u l a r  p r e c i p i t a t e .  500X 

(2) S in te red :  g r a i n  growth p l u s  
boundary carbides .  500X 

(3) Elec t ron  beam weld: sound, f i n e  
gra ined  weld wi th  f ine  p rec ip i -  
tate. 50X 

Figure  A3-9 

( 4 )  

Alloy 

Surface oxides:  1400OF - s l i g h t  
s u r f a c e  roughening a f t e r  300 
hours; 1600'F - roughened a t  100 
hours;  1800°F - roughened a t  16  
hours;  2000°F - roughened wi th  
some f laking.  1 . 5 X  

RA 333 
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1400'F 

* *  c 

0.00015 inch internal precipitation 

1600'F * I  

0.00035 inch, some subsurface 
oxides 

internal precipitation 

surface oxide flaking away, maxi- 
mum penetration 0.0025 inch 

almost complete solid solution 

2000'F 

I '  

surface oxide flaking off; pene- 
tration reaches at least 0.006 
inch, large subsurface oxides 
( 5 )  Oxide thickness at 600 hours (6) Internal structure at 600 hours 

solid solution with some pre- 
cipitate or internal oxidation. 

exposure, unetched. 300X exposure, etched. 500X 
Figure A3-9 Alloy RA 333 
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(1) As received:  medium g r a i n  s i z e  (2) S in te red :  much l a r g e r  g ra ins ,  
carb ides  have f u r t h e r  spheroi-  
dized and agglomerated wi th  g r a i n  
boundaries emphasized. 500X 

with  r e s i d u a l  primary carbides .  
500X 

HOURS A T  1800°F 

0 200 

4 300 
- . .  

16 480 

64 500 

I O 0  600 

(3) Elec t ron  beam weld: very  f i n e  (4) Sur face  oxides:  1400°F -smooth, 
a c i c u l a r ,  as-cast s t r u c t u r e ;  
sound weld. 50X a f t e r  16 hours; 1800OF - some 

adherent ;  1600'F - roughened 

f l ak ing ;  2000°F - rough; 2100°F - 
rougher;  2200°F - severe s p a l l i n g  
a f t e r  200 hours. 1.5X 

Figure A3-10 A 



about 0.0002 inch,  trace of 
subsurface oxide 

0.0002 inch,  p lus  0.003 inch  pene- 
t r a t i o n  and subsurface oxida t ion  

0.0003 inch,  0.005 inch  penetra- 
t i o n  and subsurface ox ida t ion  

severe a t t a c k .  

(5) Oxide th ickness  a t  600 hours 
exposure, unetched. 300X 

1600OF 

ca rb ides  have decomposed t o  
y i e l d  laves (or mu) phase 

a d d i t i o n a l  ca rb ide  p rec ip i t a -  
t i o n  

l i t t l e  change from s i n t e r e d  
condi t ion  

2100'F 

f u r t h e r  ca rb ide  s o l u t i o n  and 
homogenization 

(6) Internal s t r u c t u r e  a t  600 hours 
exposure, etched. 500X 

Figure A3-10 Alloy Has te l loy  X 
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(1) As-received: cold worked s t r u c t u r e  (2) S in te red :  r e c r y s t a l l i z e d ;  l i t t l e  
wi th  a few primary carb ides ,  moder- change i n  g r a i n  s i z e ,  some car- 
a te  g r a i n  s i z e .  500X b ides  present  p lus  unresolved f i n e  

p r e c i p i t a t e ,  probably gamma prime. 
500X 

(3) Elec t ron  beam weld: sound weld, (4) Surface oxides:  1400'F - smooth, 
very  f i n e  as-cast s t r u c t u r e  with adherent ;  1600OF - smooth, adher- 
gamma prime. 50X en t ;  1800OF - roughening; 2000'F - 

tougher;  2100°F - some edge a t t a c k  
a t  200 hours;  2200°F - severe  
a t t a c k  a f t e r  16 hours. 1.5X 

Figure A3-11 Alloy Udimet 500 
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0.0003 inch, 0.001 inch 
penetration 

fine precipitate of gamma 
prime and/or sigma 

0.0005 inch, 0.001 with 
penetration 

larger precipitate plus grain 
boundary carbides 

2000'F 

* .  
c . .  t 

general attack with subsurface 
oxidat ion 

unidentified fine precipitate, 
possibly sigma 

2100'F 

general attack with severe 
spalling 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

oriented acicular precipitate 

(6)  Internal structure at 600 hours 
exposure, etched. 500X 

Figure A3-11 Alloy Udimet 500 
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(1) As-received: medium g r a i n  s i z e  
wi th  twinning a few inc lus ions  
and/or carb ides .  500X 

(2) S in te red :  some g r a i n  growth, bu t  
p r imar i ly  s i n g l e  phase s o l i d  solu-  
t ion .  500X 

(3) Elec t ron  beam weld: sound weld, 
as-cast s t r u c t u r e  wi th  very f i n e  
p r e c i p i t a t e .  50X 

(4) Surface  oxides:  1400OF - smooth, 
adherent ;  1600OF - s l i g h t l y  rough- 
ened; 1800'F - roughened sur face ;  
2000°F - f l a k i n g  begins  a f t e r  16  
hours. 1,SX 

Figure A3-12 Alloy Haynes 25 (L-605) 
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1400OF 

.. 
* 

0.00005 inch some grain boundary and inter- 
nal carbide precipitation 

0.0002 inch, 0.0002 inch 
penetration 

precipitates increased in 
volume 

0.0007 inch, 0.002 inch maxi- 
muni penetration 

particles agglomerate 

2000'F 

\ 
erratic thickness, penetration 
reaches 0.0035 inch maximum 

(5) Oxide thickness at 600 hours 
exposure, unetched. 300X 

further growth in carbide size 

(6) Internal structure at 600 hours 
exposure, etched. 500X 

Figure A3-12 Alloy Haynes 25 (L-605) 
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APPENDIX 4 
OXIDATION PENETRATION PLOTS 

CONTENTS 

ALLOY FIGURE PAGE 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

N 155. . . . . . . . . . . . . 
TD n i c k e l .  . . . . . . . . . 
TD nickel-chromium . . . . . . 
Bendel 65-35 . . . . . . . . . 
Chrome1 A. . . . . . . . . . . 
DH 2 4 2 .  . . . . . . . . . . 
GE 1541. . . . . . . . . . . . 
Hoskins 875. . . . . . . . . . 
R A 3 3 3 .  * . . . . . . . . . . 
Haste l loy  X, . . . . . . . . . 
U d i m e t  500 . . . . . . . . . . 
Haynes 25. . . . . . . . . . . 

A4-1 . . . . . . . . . . . . . . . 122 
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A4-7 . . . . . . . . . . . . . . . 128 

A4-12 . . . . . . . . . . . . . 133 

Specimen th ickness  change (on one s i d e  only) and average oxide pene t r a t ion  
depth are shown i n  r e l a t i o n s h i p  t o  t h e  o r i g i n a l  m e t a l  su r f ace  as a func t ion  of 
exposure t i m e  f o r  each temperature.  Progress ive  i n c r e a s e  i n  th ickness  ( s o l i d  

oxide s p a l l i n g .  
s e n t s  uniform oxide l a y e r  growth p lus  average oxide growth i n t o  the  m e t a l .  
Oxide pene t r a t ion  may o r  may no t  extend below the  i n i t i a l  su r f ace  depending on 
t h e  r e l a t i v e  th ickness  change and s u r f a c e  ox ida t ion  rates. 

l i n e )  i n d i c a t e s  speciplen oxida t ion  and growth. Decrease i n  th ickness  ehows .- . 
Oxide pene t r a t ion  (dashed l i n e )  below t h e  f i n a l  su r f ace  repre-  
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THICKNESS CHANGE: - OXIDE PENETRATION: -0- 

DISTANGE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 
OXIDE PENETRATION 

I I 

4 I0 I 
CYCLE TIME - HR. 

1 c 100 21 h 400 - 
Figure A4-1 Oxidation penetration plot: Alloy 1, N 155. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

0x1 D E PENET RAT I O N  

2 

I 

1400 F 

3 Ij I 

------ 

I I 
4 16 t CYCLE TIME - HR? 

-L 
- - ~ -  

200 

Figure A4-2 Oxidation penetration plot: Alloy 2, TD nickel. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OX I D E PE N E T RAT ION 

f-- 2000 F 

I 
4 1 64- 

rcLE TIME - HRS 

--- 

0 1 0 0 -  

Figure A4-3 Oxidation penetration plot: Alloy 3, TD nickel-chromium. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

0x1 DE PEN E T  RAT I ON 

I------ 

--- 

I I 
4 I6 

CYCLE TIME - HR r i  - 
Figure A4-4 Oxidation pene t r a t ion  p l o t :  Alloy 4 ,  Bendel 65-35. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OXIDE PENETRATION 

4 400 600 

Figure A4-5 Oxidation penetration plot: Alloy 5, Chrome1 A. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OXIDE PENETRATION 

I600 

3 II I 

2 

I 

F 

1800 F 

2000 Ff 

3 i 

I I I 1 
4 16 64 100 21 

CYCLE TIME - HRS 
1 400 

Figure A4-6 Oxidation penetration plot: Alloy 6, DH 242. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OX I D E PEN E T  RAT I 0 N 

Figure A4-7 Oxidation penetration plot: Alloy 7, GE 1541. 
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THICKNESS CHANCE: OXIDE PENETRATION: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 
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Figure A4-8 Oxidation penetration plot: Alloy 8, Hoskins 875. 
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THICKNESS CHANGE: - OXIDE PENETRATION: --- 
DISTANGE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OXIDE PENETRATION 
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Figure A4-9 Oxidation penetration plot: Alloy 9, RA 333. 
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THICKNESS CHANGE: - OXIDE PENETRATIPN: --- 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH O f  
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Figure A4-10 Oxidation penetration plot: Alloy 10, Hastelloy X. 
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THICKNESS CHANCE: OXIDE PENETRATION: 
DISTANCE BETWEEN CURVES REPRESENTS TOTAL DEPTH OF 

OXIDE PENETRATION 

Figure A4-11 Oxidation p e n e t r a t i o n  p l o t :  Alloy 11, Udimet 500. 
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THICKNESS CHANCE: OXIDE PENETRATION: 
CE BETWEEN C REPRESENTS TOTAL DEPTH OF 

OXIDE PENETRATION 

2000 F 

1 

Figure A4-12 Oxidation penetration plot: Alloy 12, Haynes 25. 
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V 

APPENDIX 5 
TENSILE TEST DATA PLOTS 

CONTENTS 

ALLOY FIGURE PAGE 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 

10 
11 . 
12 . 

N 155 . . . . . . .  
TD n i c k e l  . . . . .  
TD nickel-chromium 
Bendel 65-35 . . .  
Chrome1 A . . . . .  
DH242 . . . . . .  
GE 1541 . . . . . .  
Hoskins 875 . . . .  
RA333 . . . . . .  
Hastelloy X . . . .  
Udimet 500 . . . .  
Haynes 25 . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

A5-1 . . . . . . . . . . . . . .  136 
A5-2 . . . . . . . . . . . . . .  136 
A5-3 . . . . . . . . . . . . . .  137 
A5-4 . . . . . . . . . . . . . .  137 
A5-5 . . . . . . . . . . . . . .  138 
A5-6 . . . . . . . . . . . . . .  138 
A5-7 . . . . . . . . . . . . . .  139 
A5-8 . . . . . . . . . . . . . .  139 
A5-9 . . . . . . . . . . . . . .  140 
A5-10 . e . . 140 
A5-11 . . . . . . . . . . . . . .  141 
A5-12 . . . . . . . . . . . . . .  141 

U l t i m a t e  s t r eng th .  y i e l d  s t r eng th  (0.2% o f f s e t ) .  and percentage elongation 
are shown f o r  each a l l o y  and test temperature a t  100 hours and 600 hours exposure 
t i m e  . Additional t e n s i l e  tests show comparative mechanical p rope r t i e s  f o r  

as.received. " "as.sintered. " and e l e c t r o n  beam welded specimens . I 1  
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Figure A5-1 Tens i le  t e s t - d a t a  p l o t :  Alloy 1, N 155. 

100 HRS 600 HRS 

Figure A5-2 Tens i le  test da t a  p l o t :  Alloy 2 ,  TD n i cke l .  
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600 HRS 

Figure A5-4 Tens i le  test d a t a  p lo t :  Alloy 4 ,  Bendel 65-35. 
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Figure A5-5 Tensi le  test data p lo t :  Alloy 5 ,  Chrome1 A. 

150x103 

100 HRS 600 HRS 

Figure A5-6 Tensi le  test  da ta  p lo t :  Alloy 6 ,  DH 242. 
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Figure A5-7 Tens i le  test daga p lo t :  Alloy 7 ,  GE 1541. 

Figure A5-8 Tensile test da ta  p lo t :  Alloy 8, Hoskins 875. 
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Figure A5-9 Tens i le  test da ta  p lo t :  Alloy 9 ,  RA 333. 

Figure A5-10 Tensile test da ta  p l o t :  Alloy 10, Hastel loy X. 
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Figure A5-12 Tensile test data plot: Alloy 12, Haynes 25, 

141 
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